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rFai W T[QNOF DON F- CAMERON 1 1NT )F,R 37 C.F.R. S U?2 

DR. DON F. CAMERON hereby declares: 

THAT, 1 am the above-named applicant and an inventor of the technology described and 
claimed in the above-identified U.S. patent application; 

THAT, 1 am a professor of Anatomy at the University of South Florida College of Medicine 
and a copv of my current curriculum vitae is attached hereto as Exhibit A. 

THAT, through my years of research. I have kspt up tc date on the technical literature ana 
maintained contact with experts in the field by participating in professional meetings and seminars, 
and by direct personal com*. As a result, I am familiar with the general level of skill of those 
working in the fields of anatomy and physiology, and in particular the physiology of Sertoli cells. 

THAT, I have read and understood the Office Actions dated April 24. 2002 and October 23 , 
2002 in the above-identified application, and the references cited in those Office Actions; and 
Being thus duly qualified, do further declare: 

Our invention is based upon the discovery that Sertoli cells and con-Sertoli cells are co- 
cultured in the presence of a basement membrane preparation such as Matrigd for a period of urn* 
the Sertoli cells are induced to organize, polarizing and epifheMizing, such &t^ehal-kkc 
juncnons are formed between adjacent Sertoli cells and the Se*& 'ce^to a discreet outer **U 
that defintsalno. which «^^-^the r4t^«^¥<^W*P«^ 12 ' 
lines 15-30, page I3,andpage 14. tines 1-14, of the patent applic^o,^ 
and non.Sertoli cells can be cultured under rnicrogravity conditions, as de^nbedatUes 13 and 14 
of the patent application. Advantageously, the resulting cellular arrangement resembles and 
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funcuonaU. mimics the inununoprivileged site of the M nunifcn>u 5 mbule«vfv 0 . wherein the Senoli 
cell, provide a barrier that separates germ cells from system circulation. This structure is know* » 
the art as the "blood-tesris barrier". As disced by Qennont in the Introduction, page XXI V, first 
column, lin. 15-34, and by Bycrs « aL Chapter 13. pages 432-433, of the Ruasel and Griswoid 

SertoU cells form a barrier between the basal compartment and ihe adluminal compartment of the 
senunifcrous epithelium, and the germ cells within the adluminal compartment actually dejasd 

addition it ha* long been know* that Sertoli cells provide immunodetection to adjacent germ cells 
and other cells, asdesaibed in Whitmoxc e, «/.. The Journal of Urology, 134:782-786. 1985; Wyatt 
v al Journal of Reproductive Immunol 14:27-60, 1988: Cameron */ */.. Transplantation. 
4-64M53. 1990; Stlawry etaL Transplantation, 5:846-850, 1991; De Cesaris etaL Biochemtcal 

D-H respectively). The ability of Sertoli cells to provide an immunoprotective benefit to co- 
transplanted calls, facilitating their survival, has also been established, as described in Selawry and 
Cameron, Cell Transplantation. 2:123-129. 1993 (submitted herewith as Exhibit I). 

The Office Action raises certain issues with respect :o ^structure of the biochamben of tl K 

respective are the Cameron* al. publications (Cameron, taU* VitroCcll Dt, Bid-Animal. 
37-49CM98 2001; and Cameron* al.,Ann AT. Acad. Sd.,944:420-42S.2O01). TheCameron«r 
al (2001) publications describe the co-culture of Sertoli cells and islets, or Sertoli cells and neurons, 
under simulated microgram condinons, e.ther in the presence or absence of Marigel. As described 
in the abstract and page 491. column 2, the Results section of the Cameron (2001) publication 
(Exhibit J), although three-dimensional aggregates of various siisi formed in both the presence and 
absence of Matrigel. "the addition ofl^Matrigel induced the reor g anizat i on of aggregates (SICAs 
formed » the presence of Masigel [SICAmgs]) showing the peripherialitation and epithelializaaon 
of Sertoli ceils and the cc gndizadoa of in associate with l uTpen-|ilce spaces " (emphasis 
added). 

The Office Action also indicates that only the diagrams, and no: the photographs of the patent 
application, illustrate a monolayer. The Office Action states that the patent application does nor 
teach how to control the culture conditio so that only a monolayer of Sertoli ceUs i, f.rmed. 
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Suable culture conditions are described in the Exiles of the patent application, As indicated 
. the biochambcrs of the invention mimic the general structure of the seminiferous epithelium 
I and it is expected tfa* this would include the Sertoli cell monolayer structure of the. blood- 
.tisbanier In addition, as described by Djakiew and Oruda in Chapt* 6. pages 184-187, of the 
Russel and Griswc.d (1 993) publicat.cn (submitted herewi,h as Exhibit M), Sertoli cells can fonn 
confluent epithelial sheets when cultured in the presence of a basement membrane reparation sucn 
sMatrigel. Furthermore descrir^at^ 



aoovc 
in vivo 
testis 



as 
K), 



f olnly in the presence of Matrigcl did Sertoli cells segregate to the periphery 
of the aggregate, leaving the islet cells more centrally located and closely ^so^cd 

of a Late £2^3031 stfsliim, » ^J*"!?*** 

biological appearance in situ. This phenomenon of Senou ecu «P'««— ' <" 
SJbS WbEUd in conventional culture when Sertoli ceUs are plated o* a 
S ["c] substrate,"' » but this is the feet time that Sertoli cells have been 
report to undergo such a dramatic cytoskeletal reorganization when not ffi direct 
contact with the substratum, (emphasis added) 

The Office Action suggests that the Sertoli cells that form the outer wall of the biochambcrs 
of the claimed invention would be a sigrificant barrier for oxygen diffusion to the non-Sertcli cells 
contained within the lumen. However, quite to the contrary, a, indicated in the preceding paragraph, 
and „ described at page 14. lines 1-H. of die application, the cellular arrangement within the 
b^hambers of the invention resemble the bloods,* barrier of the tesus. More importantly, the 
Sertoli cells within the biodwnbersofuiemv^^ 

cells have in the testis. In addition to irnmuncprotcction, it has long beer, known that there is direct 
diffusion of oxygen across Sertoli calls to the luminal compacts within the seminiferous tubule. 
Ks observed in the paragreph bridging pages 4S6 and 487 of Free « al. Biology of Reproducer, 
14-481-488. 1976 (submitted herewith as Exhibit L). "[t]he lumen of the seminiferous tubules is 
remote from the blood ^ y* does run appear to hav e a substantially lower oxygen tension than 
the capillary-rich mutual tissues" (emphases added). Therefore, in view of the teaches of the 
application andthe known properties exhibited by Sertoli cells, one of ordinary skill in the art would 
conclude that the non-Scrtoli cells contained within -he lumen of the biochambers of the invenuoc 
.ouldreceiveoxygena^immunoproxctiv.benefitsfromtheS^ 
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a biocfacnber of the invention, hereby facilitating succe«ful cell transplantation and enhancing 
existing transplantation protocols. 

The undersigned declares further that all statements made herein of his own knowledge are 
true and chat all statements made on inflation and belief are believed to be true; and further that 
;h«e statements were made whh the knowledge that willful false statement and the like so made .rc 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such wilful false statements may jeopardize the validity of the application or of any 
patent issuing thereon. 

Further deciarani saycth naught. ^ ^s^? 



Signed: _ . ^ ^ _ 

DonF. Camero1irPh.D. 

Date: ,_gA//ft3 ■■ - 



Attachments: Exhibit A: Current curriculum vitae n 

Exhibh B: Clermont, Y.. Introduction, page XXTV, first column. lines 15-34 of the 

Russel and Griswoid (1993) publication, The Sertoli Ceh 
Exhibit C: Byers ei al., Chapter 18. pages 432^33, of the Russel and Gnswold 

(1993) publication, The Sertoli Cell 
Exhibit D: Whitmore et al, The Journal of Urology, 1 34 ; 782 - 7 * 6 ; * 9 *f , O0fi 
Exhibit E: Wyatt et al.. Journal of Reproductive Immunology: 14:27-60, 1988 
Exhibit F: Cameron et al, Transplantation. 4:649-653, 1990 
Exhibit G: Selawry et al, Transplantation, 5:846-850. 1991 
Exhibit H: De Cesaris «t al , Biochemical and Biophysical Research 

Communications. 186(3)1639-1646, 1992 
Exhibit I: Selawry and Cameron, Cell Transplantation, 2: 123-129 1 993 
Exhibh J: Abstract and page 491, column 2. the Results section of the Cameron ei al. 

(2001) publication 
Exhibit K: Page 424 of the Cameron ei al. (2001) publication 
Exhibit L: Free et al, Biology of Reproduction, 14:481-486, 1 976 
Exhibit M: Djakiew and Onoda in Chapter 6. pages 184-1 87 ; of the Russe! and 

Griswold (1993) publication, The Sertoli Cell 




EXHIBIT A 



CURRICULUM VITAE 



NAME: 
BIRTHDATE: 
BIRTHPLACE: 
MARITAL STATUS: 



Don Frank Cameron 

August 13. 1947 

El Paso, Texas 

Married - Betsy. 1969 

(Katherine. born 1975 and Sara, born 1977) 



PRESENT POSITION: 

Professor 

Department of Anatomy 

University of South Florida College of Medicine Tampa, FL 33612 

TEL: (813) 974-9434 or 9431 

FAX: (813) 974-2058 

E-Mail: dcameron^HSC. usf.edu 

Professor (Joint Appointment) 

Department of Neurosurgery, University of South 

Florida College of Medicine, Tampa, FL 33612 

Professor (Joint Appointment) 
Neuroscience Program 

University of South Florida College of Medicine 
Tampa, FL 33612 

EDUCATIONAL BACKGROUND: 
Graduate 

Ph.D., Anatomy, 1977 
Medical University of South Carolina 
Charleston. South Carolina 
Dissertation Title : 

Structural and Histochemical Response of Adult Sertoli Cells to Peritubular Fibroblasts in 
vitro . 

Major Advisor: R. R. Markwald. Ph.D. 
M.S.. Anatomy. 1972 
Medical University of South Carolina 
Charleston. South Carolina 

Thesis Title : 

Histochemical and Ultrastructural Observations on Normal and FSI Mnjected Prepuberal Rat 
Sertoli Cells. 

Major Advisor: \V. Curtis Worthington. Jr.. M.D. 



Undergraduate 

B.A., Biology. 1969 

University of the South (Sewanee) 

Sewanee, Tennessee 

ACADEMIC POSITIONS: 

1 999 - present Professor, Department of Anatomy, 

University of South Florida 
College of Medicine 
(USFCOM), Tampa, FL 

1 999 - present Professor, Department Neurosurgery, 

(Joint Appointment), University of South Florida 

CoIIpop nf MprHrine H TSFCOM) 

Tampa, FL 

1 999 - present Professor, Neuroscience Program, 

(Joint Appointment), University of South Florida 
College of Medicine (USFCOM), 
Tampa, FL 

Graduate Faculty, Department of Biology, 
USFCOM, Tampa, FL 

Graduate Research Faculty, College of 
Medicine. USFCOM, Tampa. FL 

Associate Professor. Neuroscience Program, USFCOM, Tampa, FL 

Associate Professor of Surgery 
(Joint Appointment, Division of Urology). 
USFCOM. Tampa. Florida 

Associate Professor of Anatomy. 
USFCOM, Tampa. FL 

Assistant Professor of Anatomy, 
USFCOM. Tampa .FL 

Doctoral Research Faculty. 
University of Florida College of Medicine. 
Gainesville. Fl 



1998 - present 

1987 - present 

1997 - 1999 
1993 . 1999 

1987 - 1999 
1986 - 1987 
1984 - 1986 



1980 - 1^86 



Assistant Professor of Anatomy and Cell Biology. 
College of Medicine. University of Florida. Gainesville. FL 



1970 - 1980 



1975 - 1976 



1974 - 1975 



Instructor in Anatomy. Department of Anatomy and Cell Biology. 
College of Medicine, University of Florida. Gainesville. FL 

Teaching Assistant, Gross Anatomy, Histology, Embryology. 
College of Medicine, Texas Tech University, Lubbock. TX 

Lab Assistant and Lecturer, 

Introduction of Microscopic Structural Organization and Gross Anatomy, 
Medical University of South Carolina, Charleston, SC 



TEACHING EXPERIENCE: 



1 999 - present 

1990 - present 

1990 - present 
1997 - 1997 
1993 - 1995 

1986 - 1990 
1<>83 - 1<>86 



Gross Anatomy, School of Physical Therapy, 
University of South Florida Health 
Science Center (USFHSC) 

Gross Anatomy, University of South Florida 
College of Medicine (USFCOM) 

Graduate Research Topics, USFCOM 

Histology. USFCOM 

Anatomical Correlates of Emergency Pre-Hospital Care, 

Department Anatomy/Hillsborough County Emergency Medical Services. 

Tampa. FL 

Gross Anatomy. Course Director. USFCOM 

Human Systems Development (Human Embryology). 
Course Director. Colleue of Medicine, l/niversitv of Florida 



1983 - 1985 



Gross Anatomy. Laboratory Director. College of Medicine. 
Universitv of Florida 



1981 - 1980 



Stomatognathic System (Advanced Head and Neck Anatomy). 
Colleee of Dentistrv. University of Florida 
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1980 - 1986 



Gross Anatomy, Physicians Assistant Program. 

College of Allied Health Professions. University of Florida 



1980 - 1983 



Human Embryology. Course Director. College of Medicine. 
Universitv of Florida 



1977 - 1980 



Pluman Organ Development, Director. College of Medicine, 
Universitv of Florida 



1976 - 1986 



Gross Anatomy, College of Medicine, University of Florida 



1975 - 1976 



Gross Anatomy, Histology and Embryology, Teaching Assistant, 
Texas Tech University School of Medicine 



GRADUATE STUDENTS: 

Richard Heller, Ph.D., Department of Immunology and Microbiology, University of South Florida 
College of Medicine (USFCOM), 1987-1991 

Jan Dugan, Ph.D., Department of Biochemistry and Molecular Biology, University Florida College 
of Medicine (JHMHSC), 1991-1994 

Francesca Griffin. Ph.D., Department of Anatomy. USFCOM. 1995-1998 
Margaret Harvey, Ph.D.. Department of Biology, USF, 1995-2000 
Joe Johnson. M.S.. Department of Biology. USF, 1998-2000 
Todd Samelman. Ph.D.. Department of Anatomy. USFCOM. 1998-2000 

Rebecca Anderson. Ph.D., Department of Bioengineering, University of Florida College of 
Engineering. 2000-present 

Katja Wolski, Ph.D. Department of Anatomy. USFCOM. 2000-present 

Fixian Jiang. Ph.D. Neuroscience Program. Department of Anatomy. USFCOM. 2002-present 



SERVICE: 



Institutional: 

Member. Medical Student Selection Committee. USFCOM. 2002-present 
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Member. Faculty Council Steering Committee, USFCOM 1999-2003 

Chairman. Faculty Search Committee. Department of Anatorm, USFCOM. 2001-2002 

President. USFCOM Faculty. 2001-2002 

Vice President, USFCOM Faculty. 2000-2001 

Chairman, Faculty Development and Evaluation Committee. Department of Anatomy. USFCOM. 
2000-2001 

Member. Committee on Committees, USFCOM, 1998 

Judge. Health Science Center Research Day, USFHSC, 1998-present 

Member. Committee on Research. USFCOM, 1997-1999 

Member, LCME Self-Study Committee - Governance/Administration USFCOM, 1997-1999 

Chairman, Faculty Evaluation Committee, Department of Anatomy, USFCOM, 1996-1997 

Member and Secretary, Curriculum Committee. USFCOM, 1994-1997 

Member. Oversight Committee of the Anatomy Educational Services. USFCOM, 1991-1994 

Member, Oversight Committee, Tissue Culture Room, Department of Anatomy, USFCOM, 1991- 

1999 

Director of Laboratories, Anatomy Educational Services, USFCOM, 1987-1991 
Member, Student Affairs Committee, USFCOM, 1990-1994 

Member, College Committee to Draft College of Medicine Bylaws. USFCOM, 1990-1991 
Chairman, Faculty Association Committee to Draft College of Medicine Bylaws, USFCOM, 1989- 
1991 

Member of the Board and USFCOM Representative, State Anatomical Board of Florida, 1987-1991 
Member, Rank and Tenure Committee, Department of Anatomy, USFCOM, 1997, 1989, 1992 and 
1993 

Member, Faculty Evaluation Committee, Department of Anatomy. USFCOM, 1994-1996 
Member, Faculty Search Committee, Department of Anatomy, USFCOM, 1993 
Chairman. Faculty Search Committee, Department of Anatomy. USFCOM. 1988 
Pre-clinical Medical Student Advisor. Classes 1994 and 1995. USFCOM, 1991-1992 
Faculty Advisor. College Republicans. USF, 1994-1996 

Member. Search Committee. Juan C. Bolivar Endowed Chair. USFCOM. 1990-1991 
Member. Committee for Institutional Grant Administration. USFCOM. 1987-1990 
Dean's Task Force. USFCOM. 1989-1990 

Chairman. Committee to Draft Faculty Bylaws, USFCOM. 1986-1988 
Chairman. Committee to Draft College of Medicine Bylaws. USFCOM. 1988-1989 
Judge. Student Symposium on Research in the Medical Sciences. USFCOM. 1989 
Board of Directors, Faculty Association. USFCOM. 1987-1989 

Member. Faculty Council. University of Florida College of Medicine. J. Hillis Miller Health 
Sciences Center (JHMHSC). 1985-1986 

Member. University Senate, University of Florida (UF). 1985-1986 
Faculty Newsletter Committee. JHMHSC. 1983-1986 
Preclinical Medical Student Advisor. JHMHSC. 1983-1986 

Curriculum Review and Development Subcommittee for Human Systems Development . JI 1MHSC. 
1983-1984 
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Curriculum Review and Development Subcommittee for Obstetrics and Gynecology , JHMHSC. 
1983-1984 



Professional: 

Consultant, Tekada Pharmaceuticals North America, Inc., 2002-present 

Chief Scientific Officer and Director, Saneron CCel Therapeutics, Inc., 2001 -present 

Co-founder, Saneron Therapeutics Inc., 1999-present 

Consultant, American Institute of Biological Sciences. 1999-present 

Editorial Board 

Journal of Andrology , 1996-1999 

Frontiers in Bioscience , 1995-present 

Editor 

Andrology Newsletter , ASA, 1994-2002 
a A i r> a 

Journal of Histochemistry and Cytochemistry , 1985-1994 
Fertility and Sterility , 1982-1994 
Reviewer, 

American Journal Phvsiology:Endocrinologv and Metabolism , 1991 -present 

Endocrinology , 1989-present 

Biology of Reproduction , 1989-present 

Journal of Andrology , 1989-present 

Endocrine Journal . 1993-present 

Cell Transplantation . 1993-present 

Anatomical Record , 1998 - present 
Ad Hoc Grant Reviewer, 

National Institute of Occupational Safety and Health 

National Science Foundation 

American Diabetes Association 

American Institute of Biological Sciences 

South Plains Foundation 
Founding Scientist. Theracell, Inc., 1997 
Scientific Consultant. Theracell, Inc.. 1997-1998 

Consultant and Expert W itness, Department of Professional Regulation. Bureau of Examination 

Services. State of Florida. 1990-1995 
Director, EMS Anatomy. Hillsborough County. Florida. 1987-present 
Member. Publications Committee. ASA. 1996-1999 
Chairman. Student Affairs Committee. ASA. 1997-2001 

Executive Council, American Society of Andrology. 1993-1996 and 1985-1988 
Chairman. General Andrology, 1 1th Annual Meeting of the American Society of Andrology. Grand 
Rapids. MI, 1986 

Chairman. Cell Biology of the Testis. 1 7th Annual Meeting of the American Society of Andrology. 
Bethesda. MIX 1992 
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Chairman. Local Organizing Committee. 18th Annual Meeting American Society of Andrology. 
Tampa. FL. 1^993 

Chairman. Local Organizing Committee. XIII North American Testis Workshop (Serono 

Foundation). Tampa, FL, 1993 
Member. Program Committee, 17th Annual Meeting. American Society of Andrology. 1991-1992 
Member, Student Affairs Committee, American Society of Andrology. 1986-1990 and 1995-1997 
Director, Placement Serv ice, American Society of Andrology, 1986-1990 
Member, Diabetes Education Committee, University of Florida. J.H.M.H.S.C., 

University of Florida, 1984-1 986 

ACTIVE MEMBERSHIPS: 

American Society for Neural Transplantation and Repair 
Society foi the Siuuy of Reproduction 
American Society of Andrology 
American Association of Anatomists 
Sigma Xi 

RESEARCH INTERESTS: 
General: 

- Anatomy, physiology and pathology of the male reproductive system 

- Testicular structure and function 

- Male infertility 

- Sertoli cell-facilitated cell transplantation 
Specific: 

- Hormonal control of spermiogenesis 

- Sertoli cell structure and function 

- Sertoli germ 'I eydig cell interactions in vitro 

- Cell and molecular mechanisms of spermatid binding to Sertoli cells in vitro 

- Sertoli cell transplantation in diabetes and neurodegenerative diseases 

TECHNICAL AND PROCEDURAL ABILITIES: 

Light microscopy-bright field, polarization, phase contrast, differential interference contrast, 
dcconvolution 

Electron microscopy-scanning and transmission 
Tissue morphometry and stereology 
Immunocytochemistry-LM and EM 
Steroid enzyme histochemistry 
Cell and tissue culture 



1997 - present: 

1QOs — 

1983 - present: 
1982 - present: 
1982 - present: 
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Microgravity cell culture technology. 
Gel electrophoresis and Western blot analysis 
Velocity and gradient sedimentation cell isolation 
Semen, daily sperm production and sperm motion analysis 
Print, development and stain technology 

PRESENTATIONS AT STATE, NATIONAL AND INTERNATIONAL MEETINGS: 

American Association of Anatomists, Dallas. Tx., 1972 (paper presented) 
Southern Association of Anatomists, Charleston, S.C., 1972 (paper presented) 
Society of Comparative Endocrinology, Beaufort, N.C.. 1975 

Ilnd North American Testis Workshop (NIH), Chapel Hill, N.C., 1975 (invited participant) 

Third International Congress on Human Prolactin. Athens, Greece, 1981 (paper presented) 

American Society of Andrology, Hilton Head Island, S.C.. 1982 (paper pic^eiueu) 

American Federation of Clinical Research, New Orleans, LA., 1982 (paper presented) 

American Association of Anatomists, Indianapolis, IN., 1982 (paper presented) 

American Association of Anatomists, Atlanta, GA., 1983 (paper) 

Endocrine Society, San Antonio, TX., 1983 (paper presented) 

Third International Congress of Andrology, Boston, MA., 1985 (paper presented) 

American Association of Anatomists, Toronto, Canada, 1985 (paper presented) 

American Diabetes Association, Baltimore, MD., 1985 (paper presented) 

American Society of Cell Biology, Atlanta, GA., 1985 (paper presented) 

American Society of Andrology, Grand Rapids. MI.. 1986 (paper presented) 

American Physiological Society, New Orleans, LA.. 1986 (paper presented) 

IXth North American Testis Workshop (NIH), Nashville, TN., 1986 (two papers presented) 

American Society of Andrology, Denver, CO., 1987 (paper presented) 

American Society of Andrology, Houston. TX.. 1988 (two papers presented) 

Xth North American Testis Workshop (NIH), Baltimore, MD, 1988. 

American Societ\ of Andrology, New Orleans. LA., 1989 (paper presented) 

Society for the Study of Reproduction. Columbia. OH.. 1989 (paper presented) 

II International Congress on Pancreatic and Islet 

Transplantation. Minneapolis. MN.. 1989 (paper presented). 

American Society of Andrology. Columbia. SC.. 1990 (two papers presented) 

American L : rological Association. New Orleans. LA.. 1990 (paper presented). 

XI North American Testis Workshop (NIH), Montreal. Ontario. Canada. 1991 (paper presented) 

American Society of Andrology. Montreal. Ontario. Canada. 1991 (two papers presented) 

Florida Society for Electron Microscopy, Crystal River. FL. 1992 (paper presented) 

American Society of Andrology. Bethesda. MD. 1992 (paper presented) 

Society for the Study of Reproduction. Charlotte. NC. 1992 (paper presented) 

Xllth North American Testis Workshop (Serono International). Tampa. FL.. 1993. (paper presented) 

American Society of Andrology. Springfield. IL. 1994 (two papers presented) 

American Society of Andrology. Raleigh. NC. 1995 (papers presented) 

The Crustacean Society. Ft. Pierce. FL. 1995 (paper presented) 
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American Society for Neurotransplantation, Clearwater. FL. April 29. 1995 (paper presented) 
Society for Neuroscience, San Diego. CA. November 11-16, 1995 (paper presented) 
Vth International Congress on Pancreas and Islet Transplantation, Miami Beach, FL, June 18-22. 
1995 (paper presented) 

American Association of Neurolgical Surgery. Denver. CO. April. 1996. (paper presented) 
American Society of Andrology, Minneapolis. MN, 4/27-29/96 (two papers presented) 
American Society for Neural Transplantation. St. Petersberg. FL, 4/25-26/96 (two papers presented ) 
American Society of Andrology, Baltimore, MD, 2/97 (paper) 

XIV North American Testis Workshop (Serono), Baltimore, MD, 2/97 (paper presented) 

Society for Intrgrative & Comparative Biology, Boston, MA, 1/3-7/98 (paper presented) 

PI Workshop, NASA, Houston, TX, 2/26/98 (data presented) 

American Society of Andrology. Long Beach, CA. 4/28, 1998 (paper presented) 

American Society for Neurotransplantation, Clearwater. FL, April 29, 1998 (2 papers presented). 

Experimental Biology 2000, San Diego, CA, 5/13/00 (paper presented) 

American Society of Andrology, Boston, MA, 4/7-1 1/00 (paper presented) 

NASA Microgravity Program IGW, Houston, TX, 4/17/00 (paper presented) 

American Society of Neural Transplantation and Repair, Clearwater, FL, 4/27/00 (paper presented) 

Diabetes Research Institute, Miami, FL, */*/2000 

Bioartificial Organs III, Davos, Switzerland, 10/7/2000 (invited plenary lecture) 

American Society of Neural Transplantation and Repair, Clearwater. FL, 5/5/01 (paper presented) 

ASME Bioeng., Orlando, FL, 6/28/01 (paper presented) 

Tottori University School of Medicine, Department of Urology. Yonago, Japan, 4/15/02, (invited 
presentation) 

American Society of Andrology. Seatle, WA, 4/25/02 (paper presented) 
American Society of Andrology. Phoenix, AZ, 4/03 (paper presented) 
Endocrine Society, Philadelphia, PA, 6/03 (paper presented) 
NASA Microgravity Program IGW, Houston, TX, 4/03 (paper presented) 

American Society of Neural Transplantation and Repair. Clearwater, FL, 4/03 (paper presented) 
FUNDING: 

Florida High Tech Corridor External Matching Grant Fund. (Co-PI). 

"Tissue engineered living Sertoli Cells - type I collagen bioactive nerve guide for peripheral nerve 
repair". 5%. 7 02-6 03. S*l 30.000 

NASA.(CoPI). 

"The creation of transplantable Sertoli-Neuron-Aggregated-Cells (SNACs) for the treatment of 
Parkinson's disease", (CO-PI). 30%. 12 00-1 1 04.51. 200.000 

NASA.(PI CoPl). 

"The development and evaluation of a three-dimensional Sertoli-Islet-Cell-Aggregate (SICA) for 
long-term transplantation therapy. 20° <>. 12 00-1 1 04. $600,000 (Renewal) 



10 

NASA.(PI). 

"Development of an Insulin Secreting. Immunoprivileged Cell-Cell Aggregate Utilizing the NASA 
Rotating Wall Vessel". 30%. $427,000. 6/97-5/01 

N1H. SBTTR. (Co-Investigator). 

"Sertoli cell co-transplants in Parkinson's disease". 5%. $171,593, 4/1/2001-3/31/2002 
Theracell. Inc.. (Co-PI). "Sertoli Cell Research". 6/95-5/98. $67,789 

National Health and Research Council (Aust). (AI) '"Hormonal control of spermatogenesis". 5%. 
1998-2003 

USFCOM. Teacher Quest. Marketta Gouge. $5,000. Summer. 1997 

NIII. RO 1 NIDDK. (Collaborator), Isiet transplantation in the Rhesus monkey' . $3 1 4.000. 6/1/93- 
5/31/96 

USFCOM. Teacher Quest. Joelle Hushen. $5,000. Summer, 1997 
USFCOM. Teacher Quest. Joelle Hushen. $5,000. Summer 1996 

USFCOM. "Summer research support for medical student. (P. Patel. 2M). $2,000. 6/94-9 94 

USFCOM. "Summer research support for medical student". ( J.P.. 2M). $2,000 6/94-9/94 

VAMC Merit 361-36-67-35. (Collaborator). "Intratesticular islet xenografts in the diabetic rat". 
$500,000. 9/89-8/94 

USFCOM. "Summer research support for medical student. (Renda Brownell. 2M). $2,000. 6/93-9 93 

USF Research and Creative Scholarship Grant. (Co-PI). "Control of LI IRI 1 secretion for a clonal cell 
line". $7,500. 5 1 91- 4 30 92. $7,500 

USF Research and Creative Scholarship Grant. (PI). "Hormonal regulation of spermatid binding to 
Sertoli cells". $7,500. 6 1 91- 5 30 92. $7,500 

NIH Biomedical Research Support Grant. 2 S07 RR RR05749-18. (PI). "Sertoli junctions in vitro". 
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A question that may be asked at the onset is should 
a book on the Sertoli cell is to be added to the 
plethora of books recently published in the 
field of reproductive biology? Obviously, the purpose is to 
collect under the same cover the maximal amount of 
information on an interesting cell closely related to differ- 
entiating germinal cells in a rapidly developing area of 
research. In addition to these commonplace reasons, the 
fact is that the Sertoli cell is unique and fascinating in 
many respects and excites the interest of biologists in gen- 
eral and of reproductive biologists in particular. On the 
one hand, the Sertoli cell possesses distinct morphological 
features that give it a cytological "personality" which is 
familiar to most investigators working on the testis; if it is 
not, then the present book will certainly fill this gap! On 
the other hand, since this cell performs a number of well- 
integrated, specialized, and even unusual functions, it has 
a mysterious aura that stimulates curiosity. The purpose of 
the present introductory chapter is to present a general 
overview of the structural and functional features of 
Sertoli cells and, concurrently,, before the reader plunges 
into the details and intricacies of each chapter, introduce 
the main topics that will be covered in the present book. 



Some Structural Characteristics of Sertoli Cell 

For the sake of simplicity, the fully differentiated 
Sertoli cell of an adult mammal, that is the rat, will be 
used here as a model. Information on the differentiating 
Sertoli cells will be presented in Chapters 3 and 4 and 
comparative descriptions of Sertoli cells in Chapter^ 30. 
31. 32. and 33. 

Everyone is familiar with the flamboyant appearance 
of these cells which was well represented by Sertoli him- 
self [1], The following few main structural features will 
be mentioned at this point (details are given in Ch. 1. 2. 
13. and 32.). The Sertoli cell is a tall (75-100 urn) simul- 
taneously columnar and stellate cell with a base solidly 
attached to a basement membrane, an apex that reaches 
the tubular lumen, and numerous lateral and apical veil- 
like processes extending between and around everv ger- 
minal cell (Fig. h. This shape, already well presented" bv 
the remarkable description of Sertoli [ I ] is not obvious in 
stained sections of testes examined with the light micro- 
scope, since the fine lateral and apical processes are 
masked by the germinal cells. The detail of the Sertoli cell 
structure was revealed by using the electron microscope. 
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although here, due to the large size of the cell, only small 
fragments of the cytoplasm could be seen in a single elec- 
tron micrograph and the structural characteristics of 
Sertoli cells had to be reconstituted from numerous pho- 
tographs and sometimes through laborious reconstructions 
from serial sections (Ch. 1 ). 

As to the composition of the profuse cytoplasm, most 
organelles are well represented (Fig. 1). The large poly- 
morphous nucleus with a pale dusty chromatin and a large 
nucleolus is readily identified toward the lower half of the 
seminiferous epithelium. The rest of the cytoplasm 
includes an extensive and continuous system of cisternae 
of endoplasmic reticulum, a large peri- and supranuclear 
Golgi forming a continuous network, polymorphous mito- 
chondria, an impressive endosomal-lysosomal apparatus, 
and an extensive cytoskeleton composed of filaments and 
microtubules. In the rat a pair of centrioles and peroxi- 
somes have yet to be demonstrated. While there are innu- 
merable small vesicles (of the 50-100 nm range), many 
serving as carriers of various types of material, there are 
characteristically no secretory granules Thus there is 
seemingly no storage granules in a cell which is now well 
recognized as a secretory cell (Ch. 8). Finally, the cyto- 
plasm contains lipidic inclusions and, in the human Sertoli 
cell, protein crystals. One cytoplasmic feature specific to 
the Sertoli cell, is a complex formed by flattened cisternae 
of endoplasmic reticulum and bundles of actin filaments 
located next to the plasma membrane facing either adja- 
cent Sertoli cells or spermatids (Figs. 1). This system 
referred to as an "ectoplasmic specialization" will be ana- 
lyzed in several chapters of this book (Chs. 2, 16). Thus, 
with the exception of the latter specialization, the compo- 
sition of the Sertoli cell's cytoplasm is not extraordinary! 

The originality of the Sertoli cell lies elsewhere. It lies 
in the fact that the overall three-dimensional configuration 
of the cell, as well as the distribution and amount or vol- 
ume of the various cytoplasmic elements, undergo a 
marked cyclic evolution which relates to the cycle of the 
seminiferous epithelium. This bona fide "Sertoli cell 
cycle" will be extensively analyzed in the present book at 
both structural and functional levels 'Chs. 13. 14, 15. and 
32). It should be added that this relatively short Sertoli 
cell cycle, the exact duration being known for many ani- 
mal species (it varies from 8 to 16 days, depending on the 
species) has in numerous mammals a longer, endocrino- 
logical!}' controlled, seasonal cycle (Ch. 15). It will 
become obvious that the Sertoli cell's short cycle results 
from the association of Sertoli cells with the 4 or 5 gener- 
ations of germinal cells forming the seminiferous epithe- 
lium. Therefore, the Sertoli cell's cyclical modifications 
cannot be dissociated from the cyclical events taking 
place in the whole seminiferous epithelium. Indeed, on 
the one hand an "autonomous" Sertoli cell cycle taking 
place in absence of germinal cells either in vivo or in vitro 
has yet to be demonstrated, while on the other hand, there 
are some data indicating that in absence of germinal cells, 
there is no Sertoli cell cvcle. 



The corollary of the existence of an in vivo Sertoli cell 
cycle is that to be fully understood, this somatic cell has 
to be viewed in its relation to germinal cells. However, 
this does not exclude the interest of in vitro studies on iso- 
lated Sertoli cells to clarify certain metabolic or other 
basic biological processes (e.g., secretion, regulator 
mechanisms of gene expression, etc.) taking place therein. 
Indeed, the mass of data recently collected on Sertoli cells 
resulted from such in vitro studies (Chs. 5. 6, S. and 9). 
Nevertheless, to be fully meaningful, these data will have- 
to be correlated sooner or later to the in situ conditions in 
which the germinal cells and possibly other elements 
(e.g., myoid cells, Ch. 21) modulate the biological activity 
of Sertoli cells. 

Major Functions of the Sertoli Cell 

The main interest of Sertoli cells lies in their multiple 
specialized functions, many of which are carried on 
simultaneously. For the time being, seven main functions 
can be underscored, most of which are related to tne dif- 
ferentiating germinal cells (Fig. 1). Obviously, additional 
functions will eventually be disclosed as a result of cell 
and molecular biological investigations on the seminifer- 
ous tubules. Let us review briefly these activities and 
some of the biological queries that they raise. 

The first and most obvious function of these cells, rec- 
ognized by Sertoli himself, is the supportive or sustentac- 
ular role in maintaining in place the clones of 
differentiating germinal cells located in the adluminal 
compartment of the seminiferous epithelium, that is. the 
spermatocytes and spermatids. Apparently accepted as 
evident, this function has yet to be explained at the molec- 
ular level. Indeed, this attachment process requires the 
formation and dissolution of junctional devices between 
Sertoli cells and spermatocytes, about which relatively lit- 
tle is known (Ch. 16). The same may be said about the 
potential existence and exact role of binding glycoproteins 
at the interfaces between Sertoli cells and germinal cells 
(Ch. 18). Similarly the complex process by which elongat- 
ing spermatids are pulled into deep recesses or crypts 
formed in the apical part of the Sertoli cells (Fig. 1 ) and 
kept in this location during the greater pan of spermiogen- 
esis is still unexplained. There is thus clearly much that is 
unknown concerning this sustentacula}- role of Sertoli 
cells. 

A second function assigned early to Sertoli cells is its 
capacity to internalize or phagocytosc and eliminate resid- 
ual cytoplasmic bodies that detach from late spermatids at 
the time of spermiation [2](Fig. 1). Recent data revealed 
that this phagocytic activity is only one facet of the c?ul<>- 
cxtic function of Sertoli cells. Indeed an active pinocyto- 
sis or fluid-phase endocytosis takes place at the apex of 
Sertoli cells. This fluid-phase endocytosis results in the 
formation of lysosomes which eventually fuse with the 
phagosomes and contribute to their elimination from the 
seminiferous epithelium. Thus, phagocytosis and fluid- 
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Figure 1. Diagram showing the relationship of a Sertoli cell with the various germinal cells composing the seminiferous epithelium of 
the rat.^The mam functions of the Sertoli cell are also indicated. Labels: N. nucleus and n. nucleolus of a Sertoli cell (SLK). A. spermatogo- 
nium; PL preleptotene spermatocyte; P. pachytene spermatocytes: Sp. spermatids. ES. ectoplasms specialization; RH. residual hod\; M, 
m\ oid cell. 
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phase endocyiosis are well integrated cyclic processes in 
this cell (Ch. 13). In addition, receptor-mediated endocy- 
tosis takes place along the basal plasma membrane (Fig. 
1). Many questions may be raised in relation to this endo- 
cytic activity. For example: A) What is the exact nature of 
the recognition mechanism which permits the selective 
internalization of residual bodies? B) Is there a recycling 
of the breakdown products resulting from the lysis of 
residual bodies 0 C) What are the intracytoplasmic routes 
and mechanisms of targeting for the lysosomal glycopro- 
teins from the Golgi apparatus to the lysosomes; and 
finally D) What is the exact nature of the molecular mech- 
anisms controlling this cyclic endocytic-phagocytic func- 
tion 0 

A third function of Sertoli cells that has been disclosed 
by the combined efforts of electron microscopists and 
physiologists is that adjacent Sertoli cells, by means of 
intercellular tight junctions, constitute a barrier to macro- 
molecules, the so-called blood-testis barrier (Fig. l)(see 
Chs. 18 and 25). This results in the formation of two com- 
partments within the seminiferous epithelium, a basal 
compartment containing spermatogonia and early sperma- 
tocytes and an adluminal compartment containing meiotic 
spermatocytes and spermatids at various steps of spermio- 
genesis. One consequence of such a barrier is that Sertoli 
cells must be involved in the transport of substances from 
the basal compartment to the germinal cells present in the 
adluminal compartment. With the exception of metallic 
ions, iron and copper, transported by transferrin and ceru- 
loplasmin respectively, very little information is presently 
available on the transport role of Sertoli cells. 
Furthermore, the exact biological significance of a blood- 
testis barrier in terms of the differentiation of the adlurni- 
nally located germinal cells still appears unclear. 

There is a Sertoli cell function which has a tendency to 
be neglected and that is its role as a "lift" of early meiotic 
spermatocytes from the basal to the adluminal compart- 
ment (Fig. 1 ). Mechanically, this means that lateral veil- 
like processes from adjacent Sertoli cells must form and 
extend under clones of early spermatocytes (i.e., a large 
group of spermatocytes interconnected by open intercellu- 
lar bridges) and re-establish contact and attach to each 
other by new linear tight junctions. Concurrently, the tight 
junctions above the germinal cells must dissolve to permit 
the release of spermatocytes into the adluminal compart- 
ment. This perfectly timed and synchronized process 
involving simultaneously a large number of Sertoli cells is 
in fact highly selective since only spermatocytes are 
"lifted", while spermatogonia remain attached to the base- 
ment membrane. This mechanism obviously requires the 
recognition by the Sertoli cells of the spermatocytes to be 
transported and little, if anything, is known about the 
molecular mechanisms involved in this process. 

The active involvement of Sertoli cells in the release of 
spermatozoa from the seminiferous epithelium or spermi- 
ation has been well illustrated by several electron micro- 
scopic studies (Fig. 1). This phenomenon is complex and 



includes three distinct phases. During the first phase there 
is the expulsion of the late spermatids from the Sertoli 
cell's crypts, and therefore, the migration of the sper- 
matids from the depth of the seminiferous epithelium 
toward the lumen. During the second phase, the head- of 
the spermatids individually encapsulated n\ large Sertoli 
cell processes are retained for an appreciable period ot 
time along the surface of the seminiferous epithelium. 
During the third and last phase, the spermatids' heads dis- 
engage from the Sertoli cell apical processes but the 
Sertoli cells selectively retain and phagocytose the cyto- 
plasmic surplus or residual bodies that detach from the 
spermatozoa. Each one of these three phases about which 
there are numerous detailed structural descriptions pre- 
suppose several complex cell biological and molecular 
phenomena about which there are discussions and specu- 
lations but no complete explanations so far fCh. 12). 

The nutritive function of the Sertoli cells, i.e.. the 
delivery of nutritive substances (sugars, amino acids, 
lipids, metallic elements, etc.) to the germinal cells, is 
generally considered plausible because of the close asso- 
ciation of Sertoli cell processes with even single germi- 
nal cell (Fig. 1). Furthermore, the meiotic spermatocytes 
and spermatids develop in the adluminal compartment as 
previously mentioned, and are thus dependent on Sertoli 
cells to have access to nutritive substances. The transfer 
of vitamin A derivatives and of iron to the germinal cells 
have been analyzed in some detail (Ch. 10 and 21 ). 
Another demonstration of the possible delivery of Sertoli 
cell products into spermatids was derived from an elec- 
tron microscopic study in which it was shown that Sertoli 
cells develop finger-like processes that invaginate the 
cytoplasm of elongated spermatids and subsequently frag- 
ment into pieces that are incorporated in digestive vac- 
uoles within the spermatids. This appears to be a possible 
delivery pathway of Sertoli cell breakdown products into 
metabolically active spermatids (Ch. 2). Tritiated labeled 
sugars or amino acids either injected intravascularlv or 
intratesticularly rapidly reach spermatocytes and sper- 
matids in which they are incorporated into newly synthe- 
sized proteins or glycoproteins as demonst: ated h\ 
radioautography. Whether or not Sertoli cells are involved 
in the transport of these labeled substances has yet to be 
fully documented. 

The secretory function of Sertoli cells has received 
considerable attention during the past two decades. 
Several chapters of the present book will present the 
impressive accumulation of information on this topic 
(Chs. 7-11). It is now well recognized that Sertoli cells 
massively secrete a wide variety of proteins as well as 
water, ions, and many other substances, both at their api- 
cal and basal poles (Fig. 1 ). Thus, evidence for the secre- 
tion of proteins such as SGP-1 and SGP-2. androgen 
binding proteins, metal carrier proteins, proteases and 
inhibitors, hormones, growth and paracrine factors of var- 
ious types has rapidly accumulated recentU. Most of this 
novel information was derived from in v/7/v investigations 
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on isolated and immature Sertoli cells and the exact sig- 
nificance and relative importance of these data in adult 
animals and in vivo remain to be clarified in many 
instances. It is obviously the value of the present book to 
collect at this point in time and in a single locus, data and 
their interpretations on this major aspect of the biology of 
Sertoli cells. 

It should be emphasized at this point that the above 
mentioned well-integrated functions are targeted mainly 
to the maintenance of spermatogenesis. This represents an 
impressive record involving a multiplicity of cell biologi- 
cal and molecular processes that demonstrate the fascina- 
tion exerted by this cell on biologists. In fact, this 
"mother-like" behavior of Sertoli cells vis-a-vis all germi- 
nal cells is such that it led several investigators in the past 
to postulate the existence of an ultimate Sertoli cell func- 
tion which is that this cell directly regulates the differenti- 
ation of the various generations of germinal cells 
composing the seminiferous epithelium. In other words, 
the Sertoli cells would produce a multitude of factors, 
since a multitude of regulatory mechanisms are necessary 
to permit the differentiation of spermatogonia into sper- 
matozoa, that would directly provoke, regulate, modulate, 
or synchronize the gene expression in various germinal 
cells as they evolve through spermatogenesis. This direct 
intervention of the Sertoli cell in germ cell differentiation 
would be responsible for the existence of this remarkable 
histological process known as the cycle of the seminifer- 
ous epithelium. There is as vet no evidence to support this 
notion, although it appears evident that the various func- 
tions of the Sertoli cell indirectly permit the unfolding of 
the genetic program taking place during the differentiation 
of germinal cells. 

Regulation of Sertoli Cell 

The regulation of Sertoli cell activities constitutes a 
rapidly developing although difficult field of research that 
is well presented in the present book, huratubular influ- 
ences on the Sertoli cell are evident and multiple. Thus, it 
;> apparent that the germinal ceils themselves regulate the 
Sertoli cell activities, although the exact nature of the reg- 
ulator} factors and mechanisms are still enigmatic (Chs. 
In and 23). The influence of myoid cells present in the 
tubular lamina propria on Sertoli cells has been demon- 
strated in vitro, but the exact nature of the influence on 
the biology of Sertoli cells //; vivo and in adult animals 
still needs clarification (Ch. 21). Similarly the influence 
of the basement membrane on the Sertoli cell polantv has 



been well documented by in vitro studies. However the 
exact role of the basement membrane on the physiology 
of the fully differentiated Sertoli cell //; v/v^-once its 
polarity is established-remains to be clarified. Final!}, as 
in many epithelia, adjacent Sertoli cells present gap or 
communication junctions at their interlaces. The physio- 
logical implications of this intercellul ar coupling remain 
to be deciphered fCh. 19). 

Extratubular influences on the Sertoli cells have long 
been recognized. Indeed, the stimulator) rule of the 
gonadotrophins on Sertoli cells either directly through 
FSH or indirectly through LH via the androgens secreted 
by the neighboring Leydig cells (Ch. 2? and 24 j has been 
known for a while. The exact nature of the stimulatory 
process and the downstream consequences of these stimu- 
lations at the molecular level still constitute active and 
fundamental fields of investigation. 

Lastly, since the Sertoli cells are readily accessible to 
blood-borne substances, including toxins, their cytopatho- 
logical responses to adverse conditions or substances con- 
stitute a field of then uwii which, 10 be iuiiy appreciated, 
has to be related to the normal Sertoli cell structure and 
cytophysiology (Chs. 27-29). 

Conclusions 

As the reader progresses through this hook and from 
what has just been said, he or she will not fail to be 
impressed by the remarkable and unique structural and 
functional characteristics of the Sertoli cells. Sertoli him- 
self would be amazed at the interest raised bv the "cellule 
ramificate" that he discovered on the tip of his scalpel 
under his then recently invented compound microscope. 
This book will present the sum of the information gath- 
ered over the years by a rapidly increasing number of 
investigators who now have access to the most sophisti- 
cated analytical methodologies. At the same time, the 
reader will discover that innumerable questions remain to 
be answered concerning the biological activities of this 
somatic cell. Indeed, it is the mysteries that still surround 
this cell that make it fascinating and interesting to studv. 
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Sertoli cells are found in the seminiferous tubules and 
form an epithelium that is, in several respects sim- 
ilar to epithelia in other organs. Epithelial cells in 
general and Sertoli cells in particular can alter the composi- 
tion of the luminal fluid by pumping fluid into the lumen, 
by secreting and taking up specific proteins, ions, and other 
molecules, and by excluding others (reviewed in [1-3]). 
These vectorial functions are dependent upon the polarized 
organization of the cells, a characteristic that is mediated by 
homotypic cell-cell adhesion, the formation of occluding 
junctions, and by interactions with the underlying basal 
lamina [4]. The resulting distribution and sorting of the var- 
ious receptor and transporter molecules to the apical or 
basolateral domains of the epithelial cell plasma mem- 
branes accounts for the vectorial properties of these cells. 
These are fundamental properties of epithelia in general. 

Epithelia in the male reproductive tract can be divided 
into two groups, those epithelia that are not normally in 
contact with germ cells and spermatozoa, and those that are. 
In the first group arc the glandul^i accc^uiy organs, and in 
the second group are the organs of production and matura- 
tion of spermatozoa, the testes and epididymides. The fun- 
damental difference between epithelia in the testis, and 
epididymis and epithelia in the first group (and all other 
epithelia) is the presence of meiotic and post-meiotic germ 
cells in the adluminal and luminal compartment. 
Consequently, zonulae occludens in the testis and epi- 
didymis not only serve to permit the vectorial functions 
described above, but also to segregate germ cells and sper- 
matozoa away from the systemic circulation. Sertoli cell 
zonulae occludens differ from other tight junctions in sever- 
al important ways. They do not assemble as occluding junc- 
tions until puberty, suggesting that the signals responsible 
for initiating Sertoli cell zonulae occludens assembly differ 
from those in other systems. Sertoli cell zonulae occludens 
must also facilitate and withstand the regular passage of 
meiotic germ cells from basal to adluminal compartments. 
Finally, the Sertoli cell tight junctional complex has a 
unique structure and location within the epithelium. In this 
chapter the consequences of Sertoli cell zonulae occludens 
assembly will be examined by reviewing the functions of 
the seminiferous epithelium barrier: then the structure and 
molecular composition of the Sertoli cell tight junctional 
complex will be described in vivo and in vitro. With this as 
background Sertoli cell tight junctional complex develop- 
ment and dynamics will be examined from a morphological 
and molecular perspective. Finally, seminiferous epithelium 
barrier function and Sertoli cell tight junction structure in 
the damaged testis will be discussed. 

Function of the Seminiferous Epithelium Barrier 

The existence of a blood-testis barrier was first suggest- 
ed by the early work of Ribbert \5\. Goldman [6]. and de 
Bruyn [7]. In these experiments a number of dyes injected 
into the bloodstream were not detected in histological sec- 
tions of the seminiferous epithelium. More contemporary 



observations of the exclusion of dyes and electron opaque 
probes from the seminiferous epithelium have demonstrated 
the presence of a barrier at the base of the seminiferous 
epithelium consisting largely of Sertoli cell zonulae occlu- 
dens [8-10]. These morphological observations ^imple- 
mented a whole body of physiological studies of whole 
animals in which a variety of radiolabeled tracers injected 
into the blood stream were found to be present in much 
lower amounts in fluid collected from the rete testes [3]. 
Micropuncture studies of seminiferous tubular fluid have 
clearly demonstrated the unique composition of this fluid 
(for review see Ch. 11). These morphological and physio- 
logical studies revealed the existence of a seminiferous 
epithelium barrier and Sertoli cell tight junctions similar to 
those present in most other transporting epithelia. However, 
as stated above, unlike other epithelia. the formation of 
Sertoli cell zonulae occludens results in the isolation of a 
very important population of cells (germ cells) from the 
systemic circulation. Therefore, the germ cells in the adlu- 
minal compartment of the seminiferous epithelium depend 
largely upon Sertoli cells for support in the form of nutri- 
ents, growth factors, and waste disposal. Consequently, one 
function of the barrier of the seminiferous epithelium is to 
give Sertoli cells the opportunity to create an environment 
which is conducive to germ cell development. 

Creating a Specialized Environment Essential for Germ 
Cell Development 

The Sertoli cell could create the specialized environ- 
ment required for successful germ cell development in sev- 
eral ways. It could selectively transport < transcytose > 
molecules from the systemic circulation across the cell into 
the adluminal compartment (and vice versa); it could syn- 
thesize useful molecules and deliver them directly to the 
germ cells; it could redirect molecules normally destined 
for intracellular compartments to the cell surface or to a 
secretory pathway; and it could selectively exclude factors 
present in the systemic circulation that may be harmful to 
germ cell development and perhaps act as an immunologi- 
cal barrier. In addition, it has been stated elsewhere that 
"rather than (or as well as) regarding the isolation of the 
testis and the seminiferous epithelium barrier as simplv a 
means of providing certain positive conditions necessar\ 
for germ cell development, we should also consider that the 
cells in the adluminal compartment of the seminiferous 
tubule actually require the potentially adverse gaseous and 
nutrient conditions resulting from their isolation to undergo 
certain stages of meiosis" [2]. The chemical morphogen or 
gaseous (nutrients) gradients that are likely to be estab- 
lished between the vasculature and lumen of the seminifer- 
ous tubule may also be required for germ cell 
differentiation. 

Seri()li Cell Synthesis of Factors Scccssarx n^r Genu 
Cells and Directed Secretion into the Ad luminal 
Compartment All secretory epithelia secrete proteins in a 
vectorial fashion [4]. Depending upon the organ, protein^ 
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can be secreted predominantly apically or basally. A great 
deal of attention is being devoted to discovering the molec- 
ular structures and events that are responsible for protein 
sorting in epithelial cells [11. 12]. Although certain aspects 
of the mechanism whereby integral membrane proteins are 
sorted to the appropriate plasma membrane domain are 
beginning to be understood, virtually nothing is known of 
how constitutive!)' secreted proteins are directed to the cor- 
rect cell surface. Nevertheless, it is clear from in vivo and in 
vitro studies that Sertoli cells secrete certain proteins apical- 
ly and others basally. For example, in vivo androgen bind- 
ing protein (ABP) is secreted bidirectionally, both into the 
tubule lumen and into the systemic circulation [13]. The 
relative proportion of ABP found in the two compartments 
varies, depending upon the presence of germ cells. Djakiew 
and Onoda {see Ch. 6) address polarized secretion in in 
vitro models of Sertoli cell culture in some detail. It is clear 
from these studies that Sertoli cells growing in bicameral 
chambers also secrete proteins in a polarized fashion. These 
include, transferrin, ABP, inhibin, sulfated glycoproteins I 
and 2, plasminogen activator and several other proteins 
detected by two dimensional electrophoresis [14-19]. 
However, a consensus regarding the direction of secretion 
of any particular protein has not yet been reached (see 
Chs. 5 and 6 in this volume for detailed examination of this 
issue). 

Alteration in Intracellular Sorting-Redirection from an 
Intracellular to Secreted Pathway Several proteins that are 
secreted by Sertoli cells are not normally considered as 
secretory proteins. For example, sulfated glycoprotein 1 
fSGP-1 [20]) is similar to the 70-kDa precursor to sul- 
fatide/GMl activator, a molecule which is directed to the 
lysosomal compartment of other cells, but which is also 
secreted by Sertoli cells and epididymal cells. Cathepsin L, 
a lysosomal protease, is secreted cyclically by Sertoli cells 
and is also secreted by certain tumor cells [21-23]. SGP-1 
and cathepsin L may be required for functions within most 
cells, but in the seminiferous epithelium additional func- 
tions may be exerted after secretion by Sertoli cells. It is not 
known whether these molecules enter the secretory pathway 
as a result of an intrinsic change in a sorting signal or 
because of a Sertoli cell specific alteration in the sorting 
machinery. 

Selective Transport and Transcytosis Although it is 
clear that a variety of ions and other small molecules are 
transported across the seminiferous epithelium, protein 
transcytosis by Sertoli cells has not been demonstrated [3]. 
Many epithelial cells are able to transevtose certain pro- 
teins, immunoglobulins and epidermal growth factor, for 
example, either from the systemic circulation into the 
lumen, or from the lumen into the systemic circulation [24, 
25]. However, as discussed in detail elsewhere [1. 2], it 
.seems that the Sertoli cell synthesizes and secretes many 
proteins that are found in serum, rather than transevtose 
them into the adluminal compartment. For example. 



although transferrin, androgen binding protein and cerulo- 
plasmin are all present in the systemic circulation, the 
Sertoli cell does not transevtose them into the adluminal 
compartment, but instead, synthesizes and secretes them. 
Epidermal growth factor (EGF) is transcytosed b\ certain 
epithelial cells [24]. In experiments designed to investigate 
EGF transcytosis in Sertoli cells it was demonstrated that 
all bound EGF was internalized and degraded rather than 
transcytosed [26]. The failure of Sertoli cells to transev tose 
these molecules may be due either to a lack of the appropri- 
ate cellular transcytotic machinery, or to a lack of the 
appropriate receptor system, or both. For example, Sertoli 
cells do respond to EGF and the EGF receptor has been 
demonstrated on the Sertoli cell membrane [26]. On the 
other hand, receptors for polymeric immunoglobulins are 
not expressed on Sertoli cells [27]. If Sertoli cells were to 
have a transcytotic pathway, either from the lumen to the 
systemic circulation, or vice versa, this pathway would 
need to have extraordinary Fidelity, since any leakage could 
have disastrous consequences. Because the fidelity of most 
cellular sorting events is considerably less than \(){) r c, [4, 
11, 12], it is most likely that Sertoli cells do not possess the 
appropriate cellular machinery for transcytosis. 

Exclusion of Potentially Harmful Factors from the 
Systemic Circulation: An Immunological Barrier 

In addition to allowing the Sertoli cell to create the 
appropriate environment for germ cell maturation, Sertoli 
cell zonulae occludens also exclude circulating 
immunoglobulins and lymphocytes from the adluminal 
compartment, and prevent antigens from meiotic germ cells 
from entering the systemic circulation. Although this sce- 
nario is at least partly true, autoantigenic germ cells do exist 
in the basal compartment [28]. Clones of lymphocytes spe- 
cific for these antigens are also present. In several seasonal- 
ly breeding animals, meiotic germ cells are present in the 
seminiferous epithelium at the same time as the zonulae 
occludens cease to exclude permeability tracers [ 1. 2 L K 30], 
To accomodate these potential compromises other mecha- 
nisms must exist to protect the germ cells from the immune 
system. Anderson and others have demonstrated that 
immunosuppressive molecules and other immunoregulatorv 
mechanisms are working in the testis to protect the male 
gamete from the immune system [31]. Interestingly. EGF- 
like factors and EGF itself are present in the testis and have 
been demonstrated to be potent immunosuppressants [32, 
33]. Clearly, the Sertoli cell zonulae occludens is not the 
only mechanism whereby the immunological barrier of the 
seminiferous epithelium is maintained. 

Structure of the Sertoli Cell Tight Junctional 
Complex 

Several detailed reviews of the fine structure of the vari- 
ous junctional complexes present in the seminiferous 
epithelium have been published recenth [1.2. 34]. Three 
chapters in this volume also address different aspects of 
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junctions. In this section we will briefly discuss the struc- 
ture of the junctions found in the seminiferous epithelium 
and compare them with related structures in other organs. 
In general, junctions in the seminiferous epithelium can be 
categorized into three types: adhesive, occluding and gap 
junctions. 

Zonula Adherens and Occludens Junctions 

In most mucosa] and glandular epithelial cells occluding 
junctions are present at the apex of the cell. Immediately 
beneath the zonula occludens is a zonula adherens (belt 
desmosome) which is closely associated with a dense cir- 
cumferential belt of actin filaments. It is now generally 
assumed that the assembly of the zonula occludens is 
dependent upon the cellular adhesion mediated via the 
zonula adherens [35]. The nature of the molecules involved 
in this process are discussed elsewhere in this book (see Ch. 
20). In contrast to other epithelial cells, the Sertoli cell 
zonula occludens (Fig. 1 ) is in the basal part of the cell (see 
[!, 36]) for a discussion of Sertoli cell topography). The 
basally located Sertoli cell junctional complex has charac- 
teristics of both adherens and occluding junctions. 
Interspersed among points of membrane fusion are densities 
that probably represent adherens-like junctions. Throughout 
the junctional region are discrete belts of circumferential 
actin filaments bordered on the cytoplasmic side by cister- 
nae of endoplasmic reticulum (ER). This plasma mem- 
brane/cytoskeleton/ER complex is known as an ectoplasmic 
specialization (ES) and is unique to the pubertal and post- 
pubertal seminiferous epithelium [37-39](Fig. 2). Vogl, in 
this volume discusses the ES and its potential as a special- 
ized adhesive junction in more detail (see Ch. 2). The ES is 
also found associated with round and elongated spermatids, 
but in these instances, occluding zonules are not present. In 
the seminiferous epithelium of the testis, it seems that adhe- 
sive interactions among Sertoli cells do lead to the forma- 
tion of tight junctions, whereas ES-mediated adhesion 
between Sertoli cells and germ cells does not. The lack of 
occluding zonule formation in this latter situation is proba- 
bly due to the unilateral distribution of the ES iii i* only 
formed on the Sertoli cell side), and the inability of germ 
cells to either express or assemble the molecules required 
for zonula occludens formation. This is not surprising since 
not all epithelial cells form tight junctions even though they 
all express cell-cell adhesion molecules (CAMs) of one 
class or another. Transfection of certain epithelial specific 
CAMs into fibroblasts does lead to homotypic cell adhesion 
and re-organization of the cytoskeleton. but also does not 
result in the expression of zonula occludcns-'dssocx'Md 



molecules or zonulae occludens [40-42]. Nevertheless, 
elongated spermatids must express adhesive proteins which 
are able to interact with those CAMs associated with the 
Sertoli cell ES. because this '"junction" is particularly resis- 
tant to disruption [37-39]. Whether these molecules are the 
same as those which are involved in Sertoli -Sertoli cell 
adhesive junctions remains to be determined (see Ch. 20}. 

Maculae Adherens (Desmosomes) 

In addition to the actin associated zonulae adherens 
other adherent junctions are present in epithelial cells. 
These maculae adherens or spot desmosomes do not com- 
pletely surround cells but form discrete patches with very 
strong adhesive properties. Their numbers are directly cor- 
related with tensile strength, and desmosomes are particu- 
larly abundant in tissues that are required to be physically 
robust, such as skin. Desmosomes are associated with ker- 
atin intermediate filaments, rather than actin microfila- 
ments. Like other junctions, the assembly of desmosomes is 
preceded by, and absolutely requires, the expression ot pri- 
mary CAMs. In the testis true desmosomes are not present 
(see [1] for a discussion). However, structures which have 
some characteristics of these junctions are present; these 
will be referred to as desmosome-like junctions. Few 
desmosome-like junctions are found between Sertoli cells 
but they are quite abundant between Sertoli cells and most 
germ cells up to round spermatids (for review see [37]}. 
Only a small number of desmosome-like junctions are 
found between Sertoli cells and spermatogonia, and 
between Sertoli cells and elongated spermatids (for review 
see [37]). This form of adhesion is perhaps not conducive to 
the processes of spermatogonial mitoses, spermiogenesis. 
and sperm release. The structure of desmosome-like junc- 
tions in the seminiferous epithelium differs in several 
important ways from those of other organs. Like the ES 
associated with spermatids, the Sertoli-germ cell desmo- 
some-like junctions are. in certain respects, asymmetrical. 
For example, although membrane densities are found on 
both cells, the filament association is far more obvious on 
the Sertoli cell side [37]. The inter-junction line is also 
poorly defined in seminiferous epithelium desmosome-like 
junctions. Certain characteristic desrnosomal proteins are 
also not present in Sertoli cells [43 j. As discussed else- 
where [2, 44]. Sertoli cells switch from keratin to vimentin 
expression in the neo-natal testis. Since desmosomes in 
other tissues are invariably associated with keratin fila- 
ments, it is possible that the desmosome-like junctions in 
the testis have a different composition and function. 
Nevertheless, these spot adhesive junctions are remarkably 



Figure 1 (tacini: paiiei. (A) Micrograph of Sertoli-Sertoli cell light junctions and junctional specializations. LP-lipid; SC-Sertoli cell: SVC 
spermatocN te. iBi The bo\ed area in A is shown at higher magnification and illustrates the characteristic Sertoli cell tight junction organization 
The numbers indicate 1 i the membrane ot the reticular element closest to the plasma membrane. 2) cytoskeletal material, and 3 ■> .V 4i the plas- 
ma membranes ot adjacent Sertoli cells. (Ci Much ot" this organization is maintained in Sertoli cell plasma membrane preparations. These 
preparation^ consisted larizeU ot" sheets ot plasma membrane and associated junctional specializations. ZO-1 immunoreactivity igold panicles- 
arrowheads) w commonb. but not always, found associated with the cytoplasmic surface of the membrane at sites of membrane fusion. The 
asterisks in C indicate the dilated lumen of the reticular element associated with the tight junction. (From [4S] with permission ot the Publisher, i 
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resistant to disruption by hypertonic buffers, indicating 
strong adhesive properties [37. 45]. 

Gap Junctions 

A chapter of this book is devoted to the structure, 
molecular composition, and function of these important 
junctions (see Ch. 19). We will not discuss them further 
here except to state that their assembly is not possible with- 
out the close cell apposition mediated by the adhesive junc- 
tions discussed above. That is, the intercellular 
communication and perhaps synchrony made possible by 
these intercellular communicating junctions cannot exist in 
the absence of adhesive interactions. 

Other Junctions 

Other morphologically distinct surface specializations 
exist in the seminiferous epithelium. Several workers have 
described a variety of septate and close junctions with some 
features that are characteristic of zonulae adherens and 
desmosome-like junctions, and others that ^re not 'dis- 
cussed in [ 1, 37]). These structures probably represent other 



forms of adhesive junctions, or given the dynamic nature of 
the system, perhaps stages in the assembly or disassembly 
of zonulae adherens and desmosome-like junctions. 
Hemidesmosomes. which mediate adhesive interactions 
between epithelial cells and the underlying basal lamina, 
have been described in this location on Sertoli celN. but not 
on spermatogonia [37 j. 

Structure of Isolated Sertoli Cell Tight Junctions 

Sertoli cells cultured at high density on the extracellular 
matrix gel Matrigel form tight junctions which have associ- 
ated with them ectoplasmic specializations |4o. 4" I. Plasma 
membranes prepared by sequential dounce homogeni/ation 
from these cultures consist largely of sheets of membranes 
rather than vesicles ([48]; Figs. 1C, 2). In some cases sheets 
of junctional specializations complete with membrane kiss- 
es, submembranous material, and cisternae of endoplasmic 
reticulum are preserved (Fig. 2). In general, the appearance 
of the isolated membranes and junctional complexes closeh 
resemble these structures in the testis (Fig. i ». 




Figure 2. Transmission electron micrograph of plasma membrane preparations trom mouse Sertoli cells. Note that the preparations consist 
iargeh of sheets ot plasma membrane and associated submembranous material. Gold particles i arrows i represent ZO-1 localization. This 
micrograph shows tight junctions and junctional specializations. Arrowheads mark points of membrane fusion, and asterisks indicate dilated 
cisternae of endoplasmic reticulum. (Reproduced from [48] with permission of the Publisher.) 
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Molecular Composition of the Junctional 
Complex 

Zonula Occludens 1 (ZO-1) 

Stevenson and co-workers identified the first unique 
component of the tight junctional complex. ZO-1, using 
monoclonal antibodies generated against tight junction 
enriched preparations from mouse liver [49]. ZO-1 is a 
polypeptide with an apparent molecular weight of 225 kD 
in humans and rodents, although species differences do 
exist in the mass of ZO-1 [50]. The physicochemical prop- 
erties of ZO-1 indicate that it is a tightly associated but 
peripheral component of the tight junction, Its hydrodynam- 
ic properties suggest that ZO-1 is a slightly assymetric 
monomer. In MDCK cells at least, ZO-1 is phosphorylated 
on serine residues [51]. cDNAs have been cloned from rat 
and human, and Southern blotting of restriction digests 
reveals hybridization to single bands indicating the pres- 
ence of a single gene [51, 52]. However, northern blots of 
RNA isolated from various epithelial organs shuw a major 
band at 7.5 kb, as well as other minor bands at 8-8.5 kb, 
raising the possibility of alternative splicing. Interestingly, 
an additional band at 7 kb is observed in the testis [52]. 

Immunoelectron microscopy shows that ZO-1 is specifi- 
cally localized 20 nm from the cytoplasmic surface of junc- 
tional membrane contacts [53]. The number of ZO-1 
molecules per cell is approximately the same as the number 
of tight junction panicles, implying an association [54]. 

Cingulin 

Monoclonal antibodies were also used by Citi et al. to iden- 
tify a second tight junctional component, cingulin [55, 56]. 
In this case they were attempting to raise antibodies against 
brush border myosin. In fact, low angle rotary shadowing 
shows individual cingulin molecules as highly extended 
coiled coils reminiscent of the myosin rod [55. 56]. Recent 
sequence analysis demonstrates that cingulin is indeed a 
member of the myosin family [57]. On immunoblots cin- 
gulin antibodies recognize a 140 and 108 kD species, the 
smaller molecule perhap> representing a proteolytic degra- 
dation product of the larger one. The hydrodynamic proper- 
ties of cingulin indicate that it is a highly assymetric 
homodimer. Immunoelectron microscop} .shows cingulin to 
be positioned 60 nm from the junctional contact site and 
rather diffusely localized alone the junctional membrane 
[55.56]. 

Other Molecules 

Chapman and Eddy [58], again using monoclonal anti- 
body technology, identified a zonula occludens associated 
molecule designated BG9. with an approximate molecular 
weight of 192 kD. This molecule has not been characterized 
further. Other molecules which are clearly present in the 
region of tight junctions, but which are not specific to them, 
include actin and associated molecules as well as compo- 
nents of the neighboring zonula adherens (see Ch. 2). The 
molecular composition of the tight junction fibril particle 



itself is still unknown. It has been suggested that it ma\ be 
lipidic in nature [59] although solvent and detergent extrac- 
tion studies indicate that this may not be true [52 j. 

Tight Junction Associated Molecules in the Testis 

ZO-1 is present in the testis and b localized to the tight 
junctional specialization at the base of the epithelium ij4Sj 
Fig. 1C). In the mature mouse testis the extent of ZO-1 
staining associated with tight junctions varied consider- 
ably. In certain instances it seemed to be ahvent all together 
(Fig. 3). However, observation of main sections indicated 
that this variation was likely to be the result of differences 
in both the orientation of the junctional complex within the 
epithelium, and in the plane of the section. That is. a glanc- 
ing section through a junctional complex would give the 
impression of a greater extent of Z0-1 staining than a per- 
fect cross-section. Similarly, at certain stages of spermato- 
genesis Sertoli cell tight junctional complexes are more 
perpendicular to the basement membrane than at other 
stages. Of ptuticulai interest is the observation that at cer- 
tain stages ZO-1 was clearly localized to the Sertoli cell 
membrane adjacent to round and elongating spermatids, 
presumably at the ectoplasmic specialization (Fig. 3Ai. The 
Sertoli cell membrane associated with advanced spermatids 
just prior to sperm release was negative for ZO-1 (Fin. 3C). 

ZO-1 was also localized to the cytoplasmic surface of 
Sertoli cell plasma membrane preparations apparently asso- 
ciated with sub-membranous "fuzz\" material, but not with 
the adjacent endoplasmic reticulum (Fig. 1C. 2). Other 
areas of plasma membrane as well as contaminating mem- 
brane bound organelles were negative. Several images sug- 
gested that ZO-1 was localized to the cytoplasmic surface 
of the membrane adjacent to the sites of fusion as described 
previously for liver tight junctions [49 1. although other gold 
particles were present throughout the tight junctional 
region, As the immunolabeling was carried out on unfixed 
membranes, access of the labeling reagents was limited to 
regions which were somewhat disrupted. By the same rea- 
soning, it was also possible that access of antibodies to the 
external surface or the plasma membrane was limned. 
However, it is clear from other studies that ZO-1 does not 
span the plasma membrane and is only present on the cyto- 
plasmic surface of the tight junction |4^. ni|. 

lmmunolocalization of cingulin in adult mouse and rat 
testes reveals a distribution similar to that of ZO-1 (Figs. 4 
and 5). Positive staining is present at basal tight uinctions 
as well as at sites of spermatid-Sertoli cell contact ectoplas- 
mic specializations). In some sections cingulin stamina: is 
present on other regions of the Sertoli cell membrane. 

Development of the Sertoli Cell 
Tight Junctional Complex 

(General Considerations 

Unlike tight junctions in all other mucosal and glandular 
tissues, which are of necessity functional at birth, the 
Sertoli cell zonula occludens does not commence assembly 
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until puberty (see Ch. 4). The timing of this event is con- 
served in all mammals in which it has been studied. This 
suggests that not only is the timely formation of the Sertoli 
cell occluding zonule important for spermatogenesis, but 
also, that its premature formation is likely to be detrimental 
to reproductive success. How early formation of the Sertoli 
cell occluding zonule may adversely affect reproductive 




Figure 3. Paired fluorescence (A, C. E> and phase contrast micro- 
graphs iB. D. F> of ZO-1 distribution in mature mouse testis. (A. B» 
stage V of the cycle. Arrowheads indicate tight junctions and arrows 
point to germ cell. The dashed line marks the basement membrane. 
iC. Di As spermiation take splace in stages VI- VIII. 7,0-1 staining 
associated with spermatids was greati\ diminished. (E, Hi In sections 
cut through the basal part of th epithelium, a polygonal pattern of 70- 
1 lmmunoreacm it\ was obser\ed. corresponding to the circumferen- 
tial tight junctions. (From [48) with permission of the Publisher, i 



function is not immediately obvious. The authors favor one 
of the following explanations. Firstly, gonocytes in the pre- 
and neo-natal testis are located in the central pan of the 
seminiferous cord. During this period these cells are contin- 
ually being relocated to the basal pan of the cord, adjacent 
to the basal lamina (see Ch. 4). Consequently, by the time 
Senoli cell tight junctions have formed at pubenv no gono- 
cytes are present in the center of the cord. It is possible that 
these "steirT cells would remain trapped above the occlud- 
ing zonule and may not differentiate successfully if prema- 
ture tight junction formation were to occur. In other words, 
premature tight junction formation may limit the number of 
stem cells available for spermatogenesis, ultimately result- 
ing in testes containing fewer germ cells. Secondly. Sertoli 
cell mitosis ceases around the time of zonula occludens 
assembly. Although these two events may not be directlv 
related it is possible that premature zonula occludens for- 
mation could result in the early cessation of Sertoli cell pro- 
liferation. Since each Sertoli cell is associated with a fixed 
number of germ lcI1;>, a leuucrion in Sertoli cell number 
may also lead to lower numbers of germ cells successfullv 
completing spermatogenesis. 

Signals Responsible for the Initiation of Sertoli Cell 
Zonula Occludens Assembly? 

The assembly of the Sertoli cell zonula occludens coin- 
cides with the many other events that result from the puber- 
tal surge in gonadotropic and androgenic hormones. 
Therefore, it would seem likely that Sertoli cell tight junc- 
tion formation must be regulated either directly by hor- 
mones or indirectly, by the presence of certain germ cells. 
Several studies have addressed the effects of hormones and 
germ cells on the formation of the "blood-testis" barrier 
[60-64]. Surprisingly, neither the absence of germ cells, nor 
hypophysectomy or treatment with estrogens, prevents or 
reverses the formation of the "blood-testi s" barrier, 
although its formation is delayed slightly. However, no tight 
junctions were found in men with hypogonadotrophic 
hypogonadism and they reappeared after treatment with 
gonadotropins j64j. FSH, testosterone, phorbol esters, 
cAMP and temperature were found to regulate the magni- 
tude of the electrical resistance of Senoli cell monolayers 
cultured in bicameral chambers [65. ob|. Nevertheless. 
Sertoli cells isolated from 18 day-old rats do develop tight 
junctions and an electrical resistance in the absence of hor- 
mones. The hormonal manipulations reported in the studies 
of Janecki et al. [65. 66] point to a role in the regulation of 
tight junction function, but do not, as suggested hv these 
authors, address the nature of the signals responsible for 
actually initiating Sertoli cell zonula occludens formation. 
Phorbol esters. cAMP. and protein kinase C inhibitors also 
affect tight junction function in other svstems [67]. These 
sorts of experiments need to be repeated and extended 
before any definitive conclusion can be reached. 
Nevertheless, it is possible that events independent of those 
normally associated with puberty, also need to be taken into 
account when considering the factors which regulate Sertoli 
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Figure - Paired fluores- 
cence (A i and phase contrast 
micrograph n 1B1 ot cinguiin 
distribution i:i mature mouse 
testis. Note that ;i: this 
micrograph -:am:::g o airee- 
1\ restricted to me 
local i/ed t:ghi uaKiM:; ti : 
areas i arrow, neads ■ . 



Figure 5. I'aired 11 tumes- 
cence (Ai and phase contrast 
micrographs (B> o] cinguiin 
distribution m mature mouse 
testis In this higher magnifi- 
cation image, cinguiin. like 
ZO- 1 . is clearK associated at 
the interlace between Sertoli 
cells, and some but not all 
germ cells i ge i. 
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Figure h bicctnm micro- 
graph-- of developing Sern i: 
cell tight junction >. N, nucle- 
us: a^en>ks indicate ret^uLr 
element- 1 A A: r d.:\ - [;■ . 
recogni/uKe lien: ujiuu^r^K 
structure- ^re p^i 1 :-. -c 
despite the .Iom' appoMtu r. 
of adjacent Sertoli eeli mem- 
brane ^ hi Mime image- 1: 
seem> that reticular ciemem- 
are budding from the nearh\ 
nuclear membrane to become 
associated \wth the develop- 
ing junction, 'Hi H\ \Z da\ -. 
these reticular elements are 
more organized and fibroin, 
material 1 c> toskeleton > 
recruited to the de\ elopniii 
light junction. 1 C 1 K\ 14 
days, tight junctions are 
almost completed formed, 
sites of membrane apposition 
aie cieariv defined (arrow- 
heads and the reticular and 
cytoskeletal elements are 
quite well organized. iDi B\ 
18-24 days a mature form of 
tight junction is obser\ed 
with extensive reticular ele- 
ments ( arrowheads 1. (biom 
[48] v\ ith permiNsion of the 
Publisher. ) 



cell tight junction formation. The oft-stated role of the 
"blood-testis" barrier in isolating the meiotic germ cells 
from the immune system may give us a clue regarding the 
nature of this "independent" regulation. It is well estab- 
lished that the mammalian immune system also undergoes 
an age related maturation, much of our immunity being 
established early in life. Is it possible that some aspect of 
the maturation of the immune system, in addition to puber- 
tal maturation, is involved in the regulation of Sertoli cell 
occluding junction formation ? 



Sertoli Cell Occluding Zonule Structure During 
Development. 

Sertoli cell focal junctions develop in uicro in rodents 
and they are readily identifiable at birth [bS-"()|. However, 
only at puberty do these focal junctions assemble into an 
occluding zonule (see ref [1] and Ch. 4). Freeze-fracture 
replicas of the newborn mouse testis revealed short linear 
arrangements of tight junctional particles which appeared to 
be an indication of the initial formation of the :oiuda occiu- 
dens [68]. By six days of age focal occluding junctions 
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were arranged in a meshwork and gap junctions were com- 
mon. However, an occluding zonule was not present. At 
later times the meshwork of discontinuous strands formed 
many parallel occluding zonules which completely sur- 
rounded the Sertoli cell [68]. The number of gap junctions 
decreased as the occluding zonules became arranged into 
continuous strands. Transmission electron microscopic 
observations of the five day-old mouse testis (Fig. 6Aj 
showed that occluding tight junctions and associated ecto- 
plasmic specializations were not present on the Sertoli cell 
plasma membrane. In these animals Sertoli cell nuclei occu- 
py most of the basal regions of the cells and there is a close 
juxtaposition of nuclear and plasma membranes. Between 7 
and 12 days (Fig. 6B) some poorly defined fusion sites can 
be observed and there is a recruitment of vesicular elements 
and "fuzzy" material, possibly corresponding to cytoskele- 
ton. By 14 days (Fig. 6C) distinct points of membrane 
fusion can be observed and filamentous material together 
with tubules and fusing vesicles of endoplasmic reticulum 
are situated on the cytoplasmic side of the tight junction. 
This characterisiic nrpani7ation of cytoskeleton and endc 
plasmic reticulum associated with the tight junction is 
known as an "ectoplasmic specialization." Many junctional 
specializations at this age are fully formed and indistin- 
guishable from the adult. By 24 days many mature tight 
junctions are found with extensive arrays of actin filaments 
and reticular elements accompanying the zonula occludens 
proper (Fig. 6D). A similar sequence of events has been 
described during tight junction formation between Sertoli 
cells cultured in bicameral culture inserts and after germ 
cell translocation [1, 29, 71]. 

Changes in ZO-I During Development In the absence 
of recognizable tight junctions (5-10 days) ZO-1 is local- 
ized to the apicolateral Sertoli cell plasma membrane (Fig. 
7A). As cytoskeletal and reticular elements are recruited to 
the developing tight junctions, ZO-1 immunoreactivity 
becomes progressively more restricted to these regions 
(Figs. 7C-7EI 

Movement of Germ Cells Into the Adluminal 
Compartment: Dynamics of Sertoli Cell 
Tight Junctions 

Perhaps the most studied, but least understood morpho- 
logical aspect of spermatogenesis is the passage of germ 
cells from basal to adluminal compartments of the seminif- 
erous epithelium. In the post-pubertal testis this process 
requires that early spermatocytes are directed past the zonu- 
la occludens between adjacent Sertoli cells. In pubertal rats 
pachytene spermatocytes are present in the testes prior to 
completion of the Sertoli cell zonula occludens and assem- 
bly of the ectoplasmic specialization. This indicates that the 
movement of early spermatocytes away from the basal lam- 
ina and the subsequent appearance of pachytene spermato- 
cytes in the adluminal compartment in immature rats is not 
associated with the same occluding zonule dynamics as 



those same events in older animals. The complex dissolu- 
tion and reformation events that occur during spermatocyte 
passage into the adluminal compartment in the post-puber- 
tal animal can then be viewed as a response to spermatocyte 
migration, rather than its cause. This i> not so surprising, 
but given that the movement of clones ot spermatocyte^ 
into the adluminal compartment is almost certain]} directly 
facilitated by Sertoli cell adhesive contacts, it points to 
Sertoli-germ cell desmosome-like adhesive contacts as the 
important adhesive junction in this process. Another aspect 
of occluding zonule dynamics that is commonly misunder- 
stood, even though it has been explicitly stated by Russell 
and others on several occasions, is that spermatocytes may 
not actually pass through the occluding zonule [37]. 
Instead, morphological studies show that occluding zonules 
and associated ectoplasmic specializations move upwards 
in the plane of the Sertoli cell plasma membrane. 
Spermatocytes that are associated with the Sertoli cell plas- 
ma membrane by desmosome-like contacts also ascend, 
new occluding zonules assembling as Sertoli cell plasma 
membranes meet beneath them. Once ihese are patent, trie 
occluding zonule above the spermatocyte can disassemble. 
How the same cell can simultaneously assemble and disas- 
semble occluding zonules in different parts of the cell 
remains a perplexing question, but these events may be co- 
ordinated through the interaction of CAMs with the 
cytoskeleton ([1]; see Ch. 20). 

Sertoli Cell Tight Junctions 
in the Damaged Testis 

Testicular damage is most often accompanied by loss of 
germ cells and many of the characteristic morphological 
changes encountered following testicular insult are readily 
observed with the light microscope. At the electron micro- 
scope level it became clear that Sertoli cells were also 
affected and exhibited extensive vacuolization, loss of cyto- 
plasmic ground substance and an increase in the abundance 
of intermediate filaments (see [34, 37] for review). The 
appearance of Sertoli cell tight junctions is also altered fol- 
lowing experimental cryptorchidism ["*cj. In this case, the 
extracellular space within Sertoli cell junctional areas 
becomes dilated and Sertoli cell ectoplasmic specializations 
are displaced from the close association with the plasma 
membrane. As germ cells are lost from the epithelium, the 
apical Sertoli cell cytoplasm collapses giving rise to a con- 
certina-like appearance of extensively pleated junctional 
complexes on opposing sides of the plasma membrane (see 
[34] for a detailed discussion). 

In a naturally cryptorchid testis similar concertina- like 
structures are observed. However, these do not appear to be 
present on both of the adjacent Sertoli cells, rather the 
pleated junctions are unilateral. In addition, the concertina- 
like structures are present predominantly in the apical rather 
than basal part of the Sertoli cell. 

In spite of these quite dramatic changes in junctional 
morphology, in most cases of testicular damage the barrier 
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Figure ^ . F J ai red fluores- 
cence I A. (\ Ei and phase 
contrast micro^rapn^ iH. [i, 
F) ol" ZO- 1 di Nirmuiii m i n 
the prepubertal and p:iher:^ 
mouse liMh [die ca^;:e : 
lines mdieate the ba^enier ' 
membrane Note thai spe- 
cific staining ' arrowriead- 1 
is restricted to the apieai 
aspect ot" the semi nit emu - 
tubule in the 5 da\ testi . 
( A.B i. ZO- 1 localization m 
the ] ; da> miuiM.' t e st i 
becomes more restricted to 
the basal aspects oi the 
epithelium (arrowheads). A*, 
this tune tight junction . 
identified with the electron 
microscope are i'ormin<:. 
Note that stainint: is also 
associated with endothelial 
cells in the i nt erst 1 1 i n m 
(white arrows i. B\ IS da\s 
(E.F) ZO- 1 staining i> 
restricted to the basal 
aspects of the epithelium 
(From 1 48] with permission 
of the Publisher, i 



functions of the occluding zonule are maintained (see [37] 
for review). An interesting exception to this is the loss of a 
permeability barrier following treatment with cadmium, a 
divalent metal well known for interfering with testicular 
function [73, 74]. Sertoli cells cultured in bicameral cham- 
bers also lose transepithelial resistance after exposure to 
cadmium [75]. However, low levels of cadmium have 
recently been shown to specifically interfere with the func- 
tion of the calcium-dependent cell adhesion molecule E- 
cadhenn in epithelial cells [76]. MDCK cells treated with 
cadmium rapidly lose the ability to maintain an electrical 



resistance across the monolayer, an effect that is accompa- 
nied by changes in cadherin function and distribution. 
Therefore, it is possible that the specific effects of low lev- 
els of cadmium on Sertoli cell tight junctional permeability 
are a result of a cadmium induced alteration in the function 
of a calcium-dependent CAM. However, this is not Hkelv to 
be E-cadherin since it is not present in the seminiferous 
epithelium (see Ch. 20). 

Other treatments which also result in alterations in 
Sertoli cell zonula occludcns structure and/or function 
include gossypol [77; Figs. 8, 9]. cisplatinum [7S]. and dis- 
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ruption of actin filaments with cytochalasin [79], In the discontinuous strands of tight junction particles which arc 
case of gossypol treatment freeze fracture observations no longer impermeable to the antibiotic polyene fihpin. In 
(Figs. 8. 9) reveal large distensions between continuous and the normal animal only continuous strands are impermeable 



444 / Chapter 1 8 




Figure 9. Replica of a Sertoli cell junctional area showing large 
distensions between continuous and discontinuous strands that are 
permeable to filipin (fil) in a gossypol-treated adult guinea pig. 



to filipin (Fig. 8). Freeze-fracture replicas of cytochalasin D 
injected testes revealed many focal defects in the zonula 
occludens [79]. For example, there was a reduction in the 
number of strands and a loss of intramembranous, particles 
on both the E- and P-faces of the replica as well as a clus- 
tering of particles between the strands. These morphologi- 
cal alterations were reflected in an increase in lanthanum 
and IgG permeability. 

Conclusions 

Many structural and functional aspects of the barrier of 
the seminiferous epithelium have been elucidated. 
Morphological studies have revealed, in some detail, the 
ultrastructure of the Sertoli cell tight junctional complex 
during development, maturation, and during germ cell 
translocation. Studies, originally in vivo, and more recently 
in vitro, have addressed the permeability, polarity, and vec- 
torial secretion properties of the seminiferous epithelium 
and Sertoli cell monolayers in culture. One central issue has 



yet to be addressed. The molecular and cellular events 
accompanying cell tight junction assembly and dynamics of 
Sertoli cells are almost completely unknown. The recent 
characterization of two tight junction associated molecules. 
ZO-I and cingulin, and their localization to Sertoli cell tight 
junctions, has provided specific tools with which to begin 
investigations in this area. Using these tools, and in vi\<> 
and in vitro model systems, useful information can now be 
obtained regarding several unresolved questions. These 
question include: 1) What are the signals which inmate 
assembly of the zonula occludens in the prepubertal ani- 
mal? 2) How are these signals interpreted b\ the cell in 
terms of second messengers, alterations in gene expression, 
and post translation modification (phosphorylation) of tight 
junction proteins 9 3) What is the molecular basis of Sertoli 
cell zonula occludens dynamics during germ cell transloca- 
tion? 

Acknowledgements 

Studies in the author's labororatories were supported bv 
grants from the NIH, Mellon Foundation and the Medical 
Research Foundation of Canada 

References 

1. Pelletier R-M Byers SW. The blood-testis barrier and Sertoli cell 

junctions: Structural considerations. Micr. Res Tech. 1992; 
20:3-33. 

2. Byers SW, Pelletier R-M, Sertoli cell tight junctions and the 

blood-testis barrier. In: Cerejido M led ), Ti<:hi junctions. 
Boca Raton. FL: CRC Press; 1992:279 304. 

3. Setchell BP, Brooks DE, Anatomy, vasculature, innenation and 

fluids of the male reproductive tract. In: Knobil E. Neil JD 
<eds.). Physiology of Reproduction. New York. NY: Raven 
Press; 1988:753-836. 

4. Simons K, Fuller SD. Cell surface polantv in epithelia. Ann Re\ 

Cell Biol 1985; 1:243-288. 

5. Ribbert H. Die Abscheidung intravenos inji/.ierten gelosten 

Karminis in der Geweben. Z Allgem Physiol 1904; 4:201-2 14. 

6. Goldman EE. Die auss (gesunden und Knauken organismus im 

lechte der vitaken Farbung. Bruns Bietr Klin Chir 1 L >0U; 
64:192-265. 

~. de Bruyn PPH. Robert RC. Fair RS. in ww» attinm ot 
diaminoacndines for nuclei. Anat Rec 1^50: 10S;2 7c )-30"\ 

8. Dym M. Fawcett DW. The blood-testis barrier in the rat and the 

physiological compartmentation of the seminiferous epitheli- 
um. Biol Reprod 1970; 3:308-326. 

9. Kormano M. Dye permeability and alkaline phosphatase acii\it\ 

of testicular capillaries in post natal rats. Histochemie 1^6"; 
9:327-328. 

10. Kormano M. Penetration of trypan blue into the rat testis and epi- 

didymis. Acta Histochem 1968; 30: 133- 1 36 
1 1. Mostov K, Apodaca G. Aroeti B. Okamoto C. Plasma membrane 
protein sorting in polarized epithelial cells. J Cell Biol l^P; 
1 16:577-583/ 

12. Hopkins CR. Polarity signals. Cell 1 99 1 ; 6o:S2~-S2^ 

13. Gunsalus GL. Musto NA. Bardin CW. Kun/ HW. Gill TJ. Rat^ 

homozygous for the grc complex have defective transport of 
androgen binding protein into the epididymis but normal 
transport into the blood. Biol Reprod 19So. 33: 105""- 1 dt>3. 

14. Hadley MA. Djakiew D. Byers SW. Dym M. Polan/ed secretion 

of androgen-binding protein and transferrin b> Sertoli cells 



Sertoli-Sertoli Junctions / 44,5 



grown in a bicameral culture system. Endocrinology 1987; 
120:1097-1103. 

15. Ailenberg M, Fritz IB. Control of levels of plasminogen activator 
activity secreted by Sertoli cells maintained in a two-chamber 
assembly Endocrinology 1988; 122:2613-2618. 

16 Janecki A. Steinberger A. Bipolar secretion of androgen-binding 
protein and transferrin by Sertoli cells cultured in a two-com- 
partment culture chamber. Endocrinology 1987; 120:291-298. 

17. Janecki A. Jakubowiak A, Steinberger A. Effect of germ cells on 

vectorial secretion of androgen binding protein and transferrin 
by immature rat Sertoli cells in vitro. J Androl 1988; 9:126- 
132. 

18. Handelsman DJ. Spaliviero JA. Kidston E. Robertson DM. 

Highly polarized secretion of inhibin by Sertoli cells in vara. 
Endocrinology 1989; 125:721-729. 

19. L'eda H. Tres LL. Kierszenbaum AL. Culture patterns and sorting 

of rat Sertoli cell secretory proteins. J Cell Sci 1988; 89:175- 
188. 

20. Collard MW, Sylvester SR, Tsuruta JK, Gnswold MD. 

Biosynthesis and molecular cloning of sulfated glycoprotein 1 
secreted by rat Sertoli cells: sequence similarity with the 70- 
kilodalton precursor to sulfatide/GM 1 activator. Biochemistry 
1988; 27:4557-4564. 
2!. Zabludoff SD, Karzai AW. Wngln WW. Germ ceii-Senoii cell 
interactions: the effect of testicular maturation on the synthe- 
sis of cvclic protein-2 by rat Sertoli cells. Biol Reprod 1990; 
43:25-33. 

22. Zabludoff SD. Erickson Lawrence M. Wright WW 7 . Sertoli cells, 

proximal convoluted tubules in the kidney, and neurons in the 
brain contain cyclic protein-2 Biol Reprod 1990; 43:15-24 

23. Enckson-Lawrence M. Zabludoff SD, Wright WW. Cyclic pro- 

tein-2, a secretory product of rat Sertoli cells, is the pro- 
enzyme form of cathepsin L. Mol Endocrinol 1991; 
5:1789-1798. 

24 Maratos-Flier E. Kao CY . Verdin EM. King GL. Receptor-medi- 
ated vectorial transcytosis of epidermal growth factor by 
Madin-Darby canine kidney cells. J Cell Biol 1987; 105:1595- 
1601. 

25. Mosto\ RE. Simister NE. Transcytosis. Cell 1985;43:389-390 

26. Suarez Quian CA. Dai MZ. Onoda M. Kris R M , Dym M. 

Epidermal growth factor receptor localization in the rat and 
monkey testes. Biol Reprod 1989; 41:921-932. 

27. Byers SW. Blaschuk O. Epithelial barriers, mucosal immunity , 

and cell cell adhesion in the male reproductive tract. In: 
Griffin D <ed.). Local Immunity in Reproductive Tract 
Tissues. Cambridge: Cambridge University Press. LK. 1992 
pp ]4~- 1 59. 

28 Yule TD. Montoya GD. Russell LD. Williams TM. Tung KS 
Autoantigemc germ cells exist outside the blood testis barrier. 
J Immunol 1988; 141:1 161-1 \b n . 

29. Pelletier R-M. Cyclic modulation of Sertoli cell junctional com- 

plexes in a seasonal breeder: the mink (Masti'Li vison). Am J 
Anat 1988. 183:68-102. 

30. Pelletier R-M. Cyclic formation and decay of the blood-testis bar- 

rier in the mink i\fusic!a vison). a seasonal breeder. Am J 
Anat 1986. r5:9]-l 17. 

31. Anderson DJ. Factors affecting the generation and effectiveness 

of immune responses to sperm. In: Talwar GP ted. ) . 
Immunological Approaches to Contraception and Promotion 
of Fertility^ New York: Plenum Press. 1986: 209-2T. 

32 Acres RB. Lamb JR. Feldman M. Effects of platelet derived 
growth factor and epidermal growth factor on antigen -induced 
proliferation of human T-cell lines. Immunol 19S5; 54:9- lo. 

33. Koch JH. Fills T. Bender YJ. Moss BA. Molecular species of epi- 
dermal growth factor carry ing imunosuppressive activity. J 



Cell Biochem iyS4. 25:45-59. 

34. de Kretser DM. Kerr JF. The cytology of the testis. In Knobil F, 

Neil J (eds.j. The Physiology of Reproduction. Neu York: 
Raven Press; 1988' 837-932. ' 

35. Gumbiner B, Stevenson B. Gnmaldi A. The r«>ie -i ;nc cdi adhe- 

sion molecule u\omorulin in the format;.^ .::id mam'.cr.an.e 
of the epithelial lunctional compie\ J ( eF Biol i ^ . 
107:1575-1587. 

36. Pelletier R-M. A novel perspective: the occluding /nnul.' encir- 

cles the apex of the Sertoli cell as observed n; bird-. Aih J 
Anat 1990; 188:87-108. 

37. Russell LD, Peterson RN. Sertoli cell junc-.iom morplu ilogical 

and functional corrrelates. lnt Rev Cvt ! l ^5; ^: 1 " -2 ! 1 

38. Vogl AW. Distribution and function of organized concentrations 

of actin filaments in mammalian spe^naU'ecnu ccli.s and 
Sertoli cells. Int Rev Cytol 1989; I 39:1 

39. Grove BD, Vogl AW Sertoli cell ectoplasms specializations; a 

type of actin-associated adhesion junction/ .1 Cell Sci 19>o : 
93:309-323. 

40. Mege RM. Matsuzaki F, Gallin WJ, Goldberg JF Cunningham 

BA. Edelman GM. Construction of epithelioid sheets h\ trans- 
fection of mouse sarcoma cells with cDNAs tor chici.cn cell 
adhesion molecules. Proc Natl Acad Sci F S A ' 9ss- 
85:7274-7278. 

41. Edelman GM, Murray BA, Mege RM. Cunningham BA. Galhn 

WJ. Cellular expression of liver and neural cell adhesion 
molecules after transfection with their cDNAs results in spe- 
cific cell-cell binding. Proc Natl Acad Sci I" S A 198"; 
84:8502-8506. 

42. McNeil] H. Ozawa M. Kemler R. Nelson WJ. \o\el function of 

the cell adhesion molecule uvomoruhn as an inducer of cell 
surface polarity. Cell 1990; 62:309-316. 

43. Tung PS. Rosenior J. Fritz IB. Isolation and culture of rain rete 

testis epithelial cells: structural and biochemical characteris- 
tics. Biol Reprod 1987; 36:1297-1312. 

44. Paranko J, Kallajoki M. Pelliniemi LJ. Lehto YP. Yirtanen 1 

Transient coexpression of cytokeratm and vimcnim in differ- 
entiating rat Sertoli cells. Dev Biol 19S0: 1 r : >5-44. 

45. Russell LD. Desmosome-like junctions between Sertoli ceils and 

germ cells in the rat testis. Am J Anat 19""; 148:30 I - 3:2. 

46. Byers SW. Hadley MA, Djakiew D, Dym M. Growth and chnrac 

tenzation of polarized monolayers of epididymal epithelial 
cells and Sertoli cells in dual environment culture chambers. J 
Androl 1986; 7:59-68. 

47. Hadley MA. Byers SW. Suarez-Quian CA. Klemman HF. D\ m 

M. Extracellular matrix regulates Sertoli ce'i difV'vm ■ m 
testicular cord formation, and germ cell development in van-. 
J Cell Biol 1985; 101:151 1-1522. 

48. Byers S. Graham R. Dai HN. Hoxter B. Development of Sertoii 

eel! junctional specializations and the diMrihution ot the ogni- 
junction-associated protein ZO- 1 in the mouse testis \n\ J 
Anat 1991; 191:35-47. 

49. Stevenson BR. Silicuno JD. Mooseker MS. Goodenough DA. 

IdentiFication of ZO- 1 : a high molecular weight polvpcptide 
associated with the tight junction (zonula occiudensi m a vari- 
ety of epitheha. J Cell Biol 1986: 103:" T 55-' 7 tMv 

50. Anderson JM. Stevenson BR. Jesaitis FA. Goodenougii DA. 

Mooseker MS. Characterization of ZO-1. a protein component 
of the tight tunction from mouse liver and Madm-Darb\ 
canine kidney cells. J Cell Biol 1988: 1 (>o 1 1 4 1 - 1 ! 4u 

51. Anderson JM. Van llallie CM. Peterson MD. Stevenson. BR. 

Carew EA. Mooseker MS. ZO-1 mRNA and protein expres- 
sion during tight junction assemblv in Caec-2 celN. J (YH 
Biol 1989^1(^:104^-1050. 

52. Anderson JM. Stevenson BR. The molecular structure of the ticht 



446 / Chapter 18 



junction. In: Cerjido M (ed.i. Tighi Junctions. Boca Raton, 
FL: CRC Press; 1991: 77-90. 

53. Stevenson BR. Anderson JM, Bullivant S. The epithelial tight 

junction: structure, function and preliminarv biochemical 
characterization. Mol Cell Biochem 1988; 83:129-145. 

54. Stevenson BR. Anderson JM. Goodenough DA, Mooseker MS. 

Titiht lunction structure and ZO-1 content are identical in two 
^trains of Mudin-Darbv canine kidney cells which differ in 
transepithehal resistance. J Cell Biol 1988; 107:2401-2408. 

55. Cm S. Sabana\ H. Kendnck-Jones J. Geiger B. Cingulin: charac- 

terization and localization. J Cell Sci 1989; 93:107-122. 

56. Cm S. Sabanay H. Jakes R. Geiger B, Kendrick- Jones J. 

Cinnulin, a new peripheral component of tight junctions. 
Nature 1988; 333:272-276. 

57. Cm S, Kendnck-Jones J, Shore D. Cloning of cingulin cDNA: 

ev idence for a tight junction protein with a coiled-coil struc- 
ture. J Cell Biol 1990; 1 1 1:2226 (abstract). 

58. Chapman LM. Eddy EM. A protein associated with the mouse 

and rat hepatocyte tight junctional complex. Cell Tiss Res 
1989; 257:333-341. 

59. Kachar B. Reese TS. Evidence for the lipidic nature of tight junc- 

tion strands. Nature 1982; 296:464-466. 

60. Vitale R. Fawcett DW, Dvm M. The normal development of the 

blood-testis barrier and the effects of clomiphene and estrogen 
treatment. Anat Rec 1973; 176:333-344. 

61. Vitale R. The development of the blood-testis barrier in Sertoli 

cell only rats. Anat Rec 1975; 181:501, 

62. Hagenas L, Ploen L, Ekwall H. Blood-testis barrier: Evidence for 

intact Sertoli cell junctions after hypophysectomy in the adult 
rat. J Endocrinol 1978;76:87-91. 

63. Johnson MH. The role of the pituitary in the development of the 

blood-testis barrier, J Reprod Fertil 1973; 32:509-51 1. 

64. de Kretser DM. Burger HG. Ultrastructural studies of human 

Sertoli cells in normal men and in men with hypogonadotropic 
hypogonadism before and after gonadotropin treatment. In: 
Saxena BB. Beling CG. Gandy HM leds.), Gonadoptropins. 
New York: Wiley; 1992:640-656. 

65 Janecki A. Jakubowiak A, Steinberger A. Regulation of transep- 
ithehal electrical resistance in two-compartment Sertoli cell 
cultures: in vitro model of the blood-testis barrier. 
Endocrinology 1991; 129:1489-1496. 

66. Janecki A. Jakubowiak A. Steinberger A. Effects of cyclic AMP 
and phorbol ester on transepithehal cell resistance of Sertoli 
cell monolayers in two compartment culture. Mol Cell 
Endocrinol 1991; 82:61-69. 



67. Balda MS. Intracellular signals in the assembl) and sealing oi 

tieht junctions. In: Cenejido M (ed.). Tight Junctions. B<va 
Raton.FL: CRC Press; 1991; 121-137. 

68. Nagano T. Suzuki F. Cell to cell relationships in the senunirei ■■<■.- 

epithelium in the mouse embryo. Cell Tissue Re- 
189:389-401. 

69. Hatier R. Grignon G. Ultrastructural study of Sertoli celN in rat 

seminiferous tubules during intrauterine life and the pi^t-natai 
period. Anat Embryo! 1980; 160:1 1-27. 

70. Pelletier R-M, Friend DS. The Sertoli cell junctional compiev 

structure and permeability to filipin in the neonatal and adult 
guinea pig. Am J Anat 1983; 168:213-228. 

71. Ailenberg M. Tung PS, Pelletier R-M, Fritz IB. Modulation of 

Sertoli cell functions in the two-chamber a^embU b> per- 
itubular cells and extracellular matrix. Endocnnolog\ l l *XS: 
122:2604-2612. 

72. Kerr JB, Rich KA, de Kretser DM. Effects of experimental cryp- 

torchidism on the ultrastructure and function of the Sertoli cell 
and peritubular tissue of the rat testis. Biol Reprod 19^); 
21:823-838. 

73. Setchell BP, Waites GMH. Changes in the permeabiiit\ of testic- 

ular capillaries and of the blood-testis barrier after injection of 

rnrlmium rhlnriHp in thp rnf J Endocrine! !9 7 0; l" 7 :^! J*- 6. 

74. Johnson MH. The effects of cadmium chloride on the blood testis 

barrier of the guinea pig. J Reprod Fertil 1969; 19:551-553. 

75. Janecki A, Jakubowiak A, Steinberger A. Effect of cadmium 

chloride on transepithehal resistance of Sertoli cell monolay- 
ers in two compartment culture-a model for toxicologic:!] 
investigation of the blood-testis barrier in vitro. To\ Appl 
Pharmacol 1992; 1 12:51-59. 

76. Prozialek WC. Niewenhuis RJ. Cadmium disrupts calcium- 

dependent cell-cell junctions and alters the pattern of E-cad- 
herin immunofluorescence in LLC-PK cells. Biochem 
Biophys Res Commun 1991; 181:1118-1125. 

77. Pelletier R-M, Friend DS. Sertoli cell junctional complexes in 

gossypol treated neonatal and adult guinea pigs. J Androl 
1986;7:127-139. 

78. Pogach LM. Lee Y. Gould S. Giglio W, Meyerhoffer M, Huang 

HFS. Characterization of cisplatinum induced Sertoli cell d\^- 
function in rodents. Toxicol Appl Pharmacol 19S9; ^8:350- 
361. 

79. Weber JE. Turner TT, Tung KSK, Russell LD. Effects of 

evtochalasin D on the integrity of the Sertoli cell i blood-te-ais t 
barrier. Am J Anat 1988; 182:130- 147. 




EXHIBIT D 



The - o< rn-kl of i roloov y-.j, ; , 4 , , 

v'opvnght c. :y8-^ hv The VVMhams i Wiikina Co. r'-in^a .n ' > 

THE ROLE OF GERMINAL EPITHELIUM AND SPERMATOGENESIS 
IN THE PRIVILEGED SURVIVAL OF INTRA TESTICULAR GRAFTS 
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ABSTRACT 

The testis is an immunologically privileged site. Since earlier studies excluded testicular steroid 
production as an essential factor, the present study evaluates the role of germ cells and spermato- 
genesis in the privileged survival of allografts within the testis. We used a Sertoli eell-oniy testis 
model and adolescent unilateral cryptorchidism in inbred rats to eliminate germ cells and sperma- 
togenesis selectively. Parathyroid allografts were implanted into these sites, normal testes and 
beneath the renal capsule (a nonprivileged site) in appropriately matched controls. With at least 15 
rats in each group, privileged allograft survival was shown to be unaffected by eliminating germ 
cells and spermatogenesis (p <.005). Experimental evidence suggests the presence of an active 
process which incidentally permits privileged allograft survival within the testis, but which exists 
teleologically to protect the developing sperm from autoimmune attack. This is in addition lu the 
passive anatomical separation provided by the blood-testis barrier. Our cumulative data strongly 
implicates the Sertoli cell in this process. 



A broad range of in vivo studies by many investigators has 
demonstrated that the testis is an immunologically privileged 
site.' Since germ cells and developing sperm have surface 
antigens which are recognized as foreign by the immune sys- 
tem. * this protective feature of the testis is probably essential 
to prevent autodestruction of the germinal epithelium and have 
normal spermatogenesis. We have been investigating the im- 
munological mechanisms of the testis as a privileged site and 
specifically what feature of the testis is essential to this process. 
Our most recent hypothesis has been that some byproduct of 
spermatogenesis or some product of the germinal epithelium 
creates this privileged milieu. This hypothesis invokes a cell 
product rather than direct cell -cell interaction because the 
immunologically privileged region extends outside the blood 
testis barrier to include the interstitial space (in effect, the 
entire testis)/ Since the germinal epithelium and developing 
sperm are rigorously contained within the seminiferous tubules 
and yet privileged allograft survival is seen to take place in the 
interstitial i extratubuiar i space of the testis, it is logical to 
propose a diffusa!) ie factor produced as a consequence or by- 
product of gametogenesis. 

To test this hypothesis, there were two arms to our experi- 
ment. The roie of spermatogenesis was tested by observing 
allograft survival . n iongterm cryptorchid testes, and the im- 
portance of germ cells was established by observing allograft 
survival in so-called Sertoli ceil-only testes. 

MATERIALS \ND METHODS 

Cn.pcorchid testes Lewis inbred male rats (Microbiological 
Assoc. i were made unilaterally cryptorchid by surgically secur- 
ing the right testis ;n an intraabdominal position at 21 days of 
age. Eight weeks later these rats were parathvroidectomized. 
Each Lewis rat then receded a male Lewis x Brown Norway 
F (LB\F i Microbiological Assoc.' parathyroid gland allo- 
graft mpianted deep into the crypt ore hid testicle or ;nto control 
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sites, using methods described previously * Controls included 
autografts in all sites and allografts transplanted into : die 
normal testis located in the scrotum or beneath the rena. 
capsule in matched unilaterally cryptorchid animals. 

Sertoli cell- only testes. It has been shown that the germ ceils 
in male rat fetuses display increasing radiosensitivitv up to o 
days of embryonic life. 10 Between 19 and Jl days thev are 
acutely sensitive, but thereafter show a decreasing response to 
irradiation into the first days of neonatal life. Bv giving preg- 
nant female rats 200 rad of whole bod\ irradiation on trie 
twentieth day of gestation, all germ cells :n male fetuses are 
destroyed or lethally injured so that they degenerate when tries- 
attempt the definitive postnatal division. This results ;n a 
sterile testis. 10 11 On the other hand, the Sertoli cells and tne 
interstitial cells are not adversely atfectec hy such a low dose 
of irradiation and continue their normal course of development 
in the germ cell -free environment. :J 

We obtained timed pregnant Lewis female inbred rats At 
the twentieth day of gestation these pregnant rats wpr^ irit- 
thetized with ether and treated with 2oo rad of whoie nom 
irradiation from a cobalt source :n "he supine position to assur- 
uniform exposure of ail in utero animals. The newborn rats 
were weaned from their mothers at id) da*. - n aire and suh>n- 
quently were sexed and divided up for tne experiment A: '/J 
weeks of age the male irradiated rats, along with age matched 
nonirradiated controls, were parathvroidectomized. After one 
week, when a hypoparathyroid state had oeen documented, 
parathyroid allografts were implanted ;nto the testis and be- 
neath the renal capsule in normal male controls, and into tne 
rats who had received in utero irradiation 

Measurement of parathyroid graft surjucn (draft survival was 
determined by weekly measurements of tne tasting serum cai- 
cium level, which is within the normal range ~." r c H mg/"- ■ n 
rats with surviving parathyroid grafts. The serum calcium 
determinations were made using a 94o [inw Turning c.iie\\::v. 
analyzer m our lab. Fasting serum caicium le\eis beiow ~ 1 
mgs'7 are not seen m euparathyroid rats. Serum caicrum ieveis 
beiow 7 mgs^ were interpreted as indicating gran rejection. 
All grafts were harvested after rejection had occurred in non- 
privileged sites (beneath the capsule of tne Kidney One week 
after the parathyroid grafts were harvested, senim caicium 
levels were again determined to ensure *hat normal calcium 
ieveis were not secondary to accessory parathyroid * issue The 
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Fir. 1 : F:ve additional matched animals ir. each group had isografts which survived uniformh well for iht duration of the experiment 
* .ndicate- >:u- n; paratnvroia graft 

aaifi are summarized m figure 1 bedded in plastic and sections 1 micron thick were obtained 

Hmtuiug} Histology of the cryptorchid and the Sertoli cell- and stained with toluidine blue to obtain optimal resolution. 
i fcntlv testes was obtained following preservation and fixation in Also, histology of viable parathyroid allografts removed from 
ftj li|i^i|ci^n\ de ;vu- >smiurn The whole testis was then em- the testes of each group was obtained a: ranaom 




Fig. 2. A. section of seminiferous tubule and interstitial cells of normal adult rat. 

B. similar section of seminiferous tubule and interstitial cells of rat treated with in utero irradiation, showing exuberant Sertoli ceils with 
complete absence of serminal epithelium and normal interstitial cells. 
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RESULTS 

Adolescent unilateral cryptorchidism abrogated spermato- 
genesis in the cryptorchid testis, yet preserved the normal 
hormonal physiology of a fertile rat. Histology of these testes 
showed atrophy of the germinal epithilium and the absence of 
spermatogenesis. 

R-ats irradiated in utero were noticeabK smaller and scraw- 
nier tnen their normai counterparts. However, their ability to 
reject allografts was not noticeably inpaired Examination of 
tneir testes showed them to be about one-half normal size. 
Histologically there was complete absence of germ cells and 
spermatogenesis. The Sertoli cells and interstitial cells ap- 
peared healthy, justifying their categorization as Sertoli cell 
only (fig. 2£ I. 

Survival of parathyroid autografts was uniformly excellent 
in all sites in all animals. Parathyroid allografts placed within 
the testis, as demonstrated by serum calcium levels and by 
histology (figure 1. Groups I. III. Yi showed minimal immune 
rejection at five weeks Identical allografts placed beneath the 
renal capsule m similarly prepared rats (figure 1. Groups II. IV. 
VI i exhibited a high rate of rejection by four weeks. The 
advantage in survival between any of the groups with mtrates- 
ucular grafts and the control renal subcapsular group was 
highly significant ip <.005h 

DISCUSSION 

The immunological privileged status of the testicle has been 
established by experiments demonstrating the prolonged sur- 
vival of skin, parathyroid and other endocrine tissues after 
transplantation into lt. 1 ^ These same tissues regularly provoke 
a rapid and lethal immunologic rejection when transplanted 
into conventional sites such as beneath the renal capsule, or 
subcutaneouslv. The brain, the anterior chamber of the eye 
and the hamster cheek pouch are other well-known privileged 
sites; 1 however, their mechanism for abrogating the im- 
mune response differs from that of the testis. The best expla- 
nation for the existence of these immunologic sanctuaries has 
been the lack of a normal lymphatic drainage system.^ 1 This 
anatomic exclusion is thought to result in an afferent immune 
blockade that effectively hides the transplanted tissue from the 
normal sensitizing mechanism required for a first set immune 
rejection. The testis is an exceptional and unique privileged 
site because it does not share this common anatomy. 8 16 1 It 
has an easily demonstrated rich lymphatic network that negates 
the hypothesis of afferent immune blockade, indeed, many 
studies have shown that the immune system readily responds 
with both a humoral and cellular response to antigens exposed 
within the testis. 1 * 31 The testis, therefore, has to have another 
mechanism for blocking immune rejection. Both in vivo and in 
vitro immunologic studies have attempted to find out how this 
is achieved. 9 ^ 2: The hypothesis of this study is that sperma- 
togenesis or the presence of germ cells is a requirement for the 
existence of this phenomenon. 

We have tried to hah spermatogenesis by unilateral cryptor- 
chidism in immature rats and m -utero irradiation, and to 
eliminate germ cells with in-utero irradiation. By the criteria 
of light microscop\ with optimum technique, m-utero irradia- 
tion was effective in achieving these changes m the testes for 
the duration of the experiment Since our results indicate that 
parathyroid allograft survival in the cryptorchid testis with 
ar>s~n: spermatogenesis and in our Sertoli cell-only testis is as 
£0'>r a.- :na: seen m the norma! testes of health> animals, we 
ccnciude that our working hypothesis is wrong The absence of 
arrive spermatogenesis or even the primordial germ cells, as 
effected b\ our manipulations, does no; alter the lmmunolop- 
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were not essential ingredients,' v the number of hypotheses 
remaining is limited. The Sertoli cell is the only unique com 
ponent of the testis which we have not eliminated or inactivated 
in the course of our experiments. It is thought to perform man\ 
functions necessary for spermatogenesis, including 1 the for- 
mation of the blood-testis barrier and creating the microenvi- 
ronment necessary for germ cell differentiation. 2 ~ J 2 acting 
as the target cell through which FSH and testosterone influence 
spermatogenesis, 2 ' 3i the secretion of tubular fiuic. 4 :ne 
production of testicular androgen binding protein' anc r. 
production of in hi bin. 2 * Also, in the rat. Sertoli cells have t>een 
shown to produce an apparently unique polypeptide growth 
factor. 2 * Given this picture, it is possible, even likely that the 
Sertoli cell also influences the local environment immunologi- 
cally. The existence of an immunosuppressive factor is su£ 
gested not only by our work but by other in vivo and in vitro 
studies showing the markedly immunosuppressive efiects o: 
seminal plasma. 2 ' 21 

With this background, we propose the existence of an im 
munosuppressive factor produced m the testis h\ the Sen oh 
cell. This factor and the blood -testis barrier formed bv the 
Sertoli cell act as a dual defense against the induction of 
autoimmune infertility. Presumably this is why it is extremeh 
difficult to demonstrate autoimmune infertility in men. even 
in the presence of a variety of antisperm antibodies; and whv 
experimental models of immune infertility have proven difficult 
lu establish. " 

In summary, the immunological mechanism* s) which make 
the testis a sanctuary for foreign tissue antigens remains a 
mystery. There is good experimental evidence which suggests 
the presence of an active process which incidentally permits 
privileged allograft survival but which exists teleologically to 
protect the developing sperm from autoimmune attac k This is 
in addition to the passive anatomical separation provided bv 
the blood-testis barrier. Our cumulative data stronglv impli- 
cates the Senoli cell in this process. 
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Secreted proteins from cultured rat Sertoli cells were assessed for effecu on 
phytolcctin-stimulaicd rat splenic lymphocytes. Sertoli cell proteins (SCP) sup- 
pressed DNA, RNA and protein synthesis in stimulated rat rplenic lymphocytes 
whether added at 0, 4, 24 and 48 h after culture ininatiori. SCP preparations 
were not toxic to cells. SCP suppressive activity waj heat sLabJc but was not asso- 
ciated with the carbohydrate component of SCP preparations. SCP abo sup- 
pressed the proliferation of lymphoid and rt on -lymphoid cell lines from several 
different animal species but did not inhibit proliferation-independent lysis of 
YAC-I target cells by rat natural killer cells. These results suggest thai Sertoli 
cells rynthesize inhibitory factors that might be secreted into seminal plasma. 
Furthermore, our results demonstrate that one mode of action of these factors is 
suppression of cell proliferation. 

Key words: Sertoli cells; secreted proteins; immunosuppression; lympho- 
cyte proliferation. 



Introduction 

Semen components such as sperm and seminal fluid have the capacity 
to significantly alter immune responses and could contribute to the 

CorrmsjxwJiwtcc to CP.. Wyiu, D*p«rtsn»Tit of Mierobioiogy. *01 H*»id H*U, W^fawpor. Sut« 
U aim-cry. FMim*n, WA U.S.A. 



~h,r of sexually transmitted diseases, including 
pathogenesis of a number ^ ^ ^ ^ 

acquired unmunodefioency syn ^ ^ mr) mprnu several 

Sperm can activate ^P>»"' ^ „ Mturl , kiQer (NK) cell activity, 
cell-mediated immune^ M* 001 cvtotoxic T lymphocyte generation 
mixed lymphocyte r «™ v "£ d ^ ibit spott taneons and phytolectin- 
(Hurtenbach and ' S^^ ; 198 ^ K 19 78). Seminal nuid 

induced T indudin g inhibition of phytolec- 

^T^T^ToTp^on (Majumdaretal.. 1982; Stites and 
tin-mducedTlyinphocy^pr secondary humoral responses 

Erickson. I97 Pv a n=TT9K) andTppression of NK cell, macrophage 
(Anderson and Tarter, 98J, j^nes and Hargrcavc, 1984). TTie 

and neutrophil <™ found in seminal fluid. Prostatic 

prostate secretes some ofllie pro function (St B nknv«, « 

S^JS rUpr^TreSote of ^lymphocytes to phytolectin stim- 
ulanonfMnkeherieeet ^.^1983). ^ ^ semin iIcrous tubules which 
Sertoli cells ^ T^^nTlhouent to be essential to spermatogenesis 

(Kissinger et al., ^J^T^ o{ lhese proteins may be responsible 
found in seminal fluid. One or more s=minal fluid 

for some of that have been charaacr- 

preparanons. Rat Sertoli ecu JL ^ 1974 nas rt jj., 

ized include androgen binding protM , (Fntt et ai • * d 

shT^o naveCogenic activity for confluent monolayers of cerum non- 

LTl^is prL^^H adenocarcinoma celis (HoUnes « a.., 1986). 
T^esfTro^ms were not tested o D lymphoid cells. H=re we present evl- 
tat one or more of the Sertoli cell secreted proteins are capable of 
inhibiting pbytolectin-induced lymphocyte proliferation m vitro. 

Materials and methods 

Sertoli cell culture 

Sertoli cells iron: 20-day-olc rats were prepared and cultured in serum 



free medium as previously described (Dorrington and Fritz, 1975; Wilson 
and Griswold, 1979). Prepared cultures were generally 95% Sertoli cells 
with the remaining percentage consisting of myoid cells and fibroblasts 
(Wilson and Griswoid, 1979). Cells were plated onto 60-mm Falcon dishes 
and maintained at 32°C in Ham's F-12 medium supplemented with testos- 
terone (0.7 M M) and insulin (5.0 /jg/ml). Spent medium from these oil- 
tuies was collected every 2 days after the initial 2-day incubation period 
centrifuged to remove debris, and stored at -20°C. JJ S-methicm re- 
labeled secreted proteins were obtained by adding 500 mCi of ^-meth- 
ionine to cells which were incubated in Ham's F-12 medium lading 
methionine. The total protein concentration of the spent medium was 
approximately 10 >ig/ml. 

Lymphocyte preparation 

Spleens were aseptically removed from adult, female Sprague— Dawley 
rats. Single cell suspensions were prepared by perfusion of the intact 
spleens with Hank's habn-d sail sciatica (KS33) containing 20% acid 
atrate dextrose (A CD) as anticoagulant. The perfused spleens were then 
pressed through a wire mesh screen and the resulting cell suspensions 
pooled. The cells were centrifuged ai 400 x g for 10 mm and the pelWs 
resuspended in HBSS containing 20<7. A CD. The centrifugation was 
repeated and the cells were resuspended in RPMI-1640 containing 
antibiotics and then counted. For NK activity assays, splenocytes were 
fractionated on Percoll gradients as previously described (Timonen and 
Saksela, 1980; Magnuson et al.. 1987), and the fraction containing NK 
activity was used. 

Lymphocyte proliferation assays 

Splenic lymphocyte preparations were suspended irt ] x 10 6 per mi in 
RPMI containing 2.5% normal rabbit serum (NRS) and dispensed into 96- 
wen U-bottom culture plates in 180 ul/weil. Optimal concentrations of 
concanavalin A (Con A, 0.5 jig/ml), phytohemagglutinhi P (PHA-P 25 
«/mI), pokeweed mitogen (PWM, 2.5 M g/ml), or £. coli bacterial 
hpopolysaccharide (LPS, 50 ug/ml) were added to triplicate wells to 
induce lymphocyte proliferation. Cultures were incubated »r for 64 

u, taen 1 ^Ci/weli of [ 3 H)thymidinc, THJuridine, or f 14 C]Icucine was 
added and the cultures incubated for an additional 8 h. Tne samples were 
collected and processed for liquid scintillation counting. 

Sertoli cell protein fSCPj preparation 

SCP was prepared as previously described (Griswoid ex al. p lyst). 
Briefly, thawed spent medium was concentrated over Amicon' YM-*10 
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ultrafilters and desalted by passage over a Bio-Rad P-6 gel filtration 
column. The fractions containing the secreted proteins were pooled, 
lyophilized and stored at -20°C. Lyophilized SCP was weighed and 
resuspended in HBSS at 3.5—4.0 mg/ml. Samples wctc sterilized by fil- 
tration through a 0.45 pore filter and concentrations rechecked by a 
protein assay (Bio-Rad, Richmond, CA). 

Heat treatment 

SCP at 3.5—4.0 mg/ml HBSS was heated for 30 min at 56 °C in a wat- 
erbath or for 3 min in a boiling water-bath. Heat-treated SCP was then 
diluted in HBSS and added to lymphocyte proliferation assays. 

Pronase treatment 

A sample of SCP was digested with Pronase (Calbiocbem, San Diego, 
CA) as previously described (Finne and Krusius, 1982). Briefly, a sample 
of SCP with an internal standard of "S-metruonine-labeled SCP was 
added to a pre-incubated solution containing incubation buffer CO. 1 M 
Tris— HC1, pH 8.0, 1 mM CaCy, toluene and pronase. This mixture was 
incubated at 60 °C for a total of 48 h, with additional pronase added after 
24 h. The reaction was stopped by heating in a boiling waterbath for 10 
min and the resulting mixture was then centrifuged at low speed. The 
supernatant was removed, passed over a Bio-Rad P-2 gel filtration col- 
umn and then eluted with 0.1 M pyridine acetate (pH 5-0). The fractions 
were monitored for radioactivity by soniillalion counting and for carbo- 
hydrate by the relative absorbance at 490 run obtained from a phenol-sul- 
furic acid assay (DuBois et al., 1956). The fractions containing 
carbohydrate were pooled, lyophilized and stored at — 20 °C. BSA was 
subjected to pronase treatment and used as a control. 

Suppression of lymphocyte proliferation 

SCP was added in 20 ^1/well to triplicate wells of a lymphocyte prolif- 
eration assay at final concentrations of between 5 and 400 ^g/ml. This 
range of concentrations was reported to be within the physiological total 
protein concentration in seminiferous tubule fluid (Set ch ell, 1978). Times 
of addition were 0, 4, 24 or 48 h after phytolectin addition. 

Natural killer (NK) cell activity 

31 Cr-labeIed YAC-1 targets at 1 x 10 s per ml RPMI were dispensed in 
triplicate in wells of a 96-well V-bottom culture plate. Splenic lympho- 
cytes were added in equal volume of RP Ml to give effect or /target (E : T) 
ratios of 10 : 1, 25 : 1 and 50 : 1. To test for suspension of effector func- 
tion, SCF was added a: a final concentration of 400 fig/ ml to each well. 



The cultures were incubated for 4 h at 37 °C. supernatant* were coDected 
and the radoactivity determined by gamma counting. The percentage kill- 
ing was calculated as follows 

(cpm experimental — cpm spontaneous) 

ft killing = - ■ - x 200 

(cpm total — cpm spontaneous) 

Spontaneous release was determined by incubating the targets with media 
alone. The total release was determined by incubating the targets with I*7o 
Triton X-100. 

Viability 

Viability of S CP -treated cultures was determined after h culture by 
replacing 100 fd of medium with an equal volume of 0.2<% Trypan blue 
and differentially counting the cells which excluded the dye. Two hundred 
cells were counted and viability was expressed as a percent of the total 
number of cells counted. 

Suppression of cultured ctil lines 

A mouse H-2- dependent T cell line (HT-2), a bat lung fibroblast line 
fTblLu). a human erythroblastoid cell line (K562), a mouse macropliagc- 
like cell line (P388D1), and a bovine kidney epithelial cell line (MDBK) in 
growth phase were subcukured in triplicate welk with or without SCP in 
RPMI or Dulbecco's minima] essential medium containing 10% fetal bov- 
ine serum. Cultures were allowed to proliferate at 37°C for 24 h, then 
PHJthymidine was added for 6 h and the cultures were collected and pro- 
cessed for scintillation counting. 

Results 

Inhibition of lymphocyte proliferation 

SCP inhibited the response of lymphocytes to the T cell stimulatory 
phyiolcctins Con A, PHA and FWM, and to the B cell polyclonal activa- 
tor LPS in a dose-dependent manner (Fig. 1). At the highest SCP dose, 
thymidine uptake was lower than seen in unstimulated cultures. Similar 
results were obtained with the 3 different SCP preparations. 

Viability 

To determine whether the suppression was due to toxicity of SCP for 
lymphocyte cultures, Trypan blue was added to 48 h cultures and viability 
determined (Table 1). The number of cells recovered from each culture 
was also determined (data not shown) and was found to be comparable in 
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Fig. 1. lnlilbltioo by SCP of tke prcli/erarive response of fplcoocyia to mitocca*. SC? w»* added to 
culture* of fpJenocyto eomainini optimal coocenirouons of Cca A, PKA. PWW or LPS. Each panel 
represent! Lbe effect of addm* increasing amounts of 3 different preparation* of SCP. The resulu are 
expressed ai * of the nspoasc of fpicoocytes to mitogen Id the absence of SCP. Each point reprr* 
tents the avcraje of triplicate samples. Mean and I standard devia^on for stimulated and unstimu- 
lated cpm m the absence of SCP in 3 differed experiments are: 12.740 * 30,19* (Con \y t 122,096 
[PKA) 18,604 ± 4M6 fPWM); 3213 a 599 fLPS); 527 s 1S2 (KPMI). 



TABLE 1 



VtibOhy of SCF-trtJied iptenic lymphocyte cutrurcs. 



Additions 


* VUbffiry- 


No addition! 


W.l 


Coo A 


97.0 


Con A 4- 3>«/nilSCP 


94.4 


Con A + 25 SCP 


W.7 


Con A + SQp$/mlSCP 


94.9 


Con A 200 Ht/mJ SCP 


93.0 



Si viibifity repraeou the avenge % viability from duplicate wclk. 



all cultures. The results indicate that SCP is neither toxic nor lytic to 
splenic lymphocytes at any concentration tested. 

Effect of delayed addition of SCP to Con A-induced lymphocyte 
activation 

To determine at what stage in the activation of lymphocytes SCP exerts 
an inhibitory effect, the inhibitor preparation was added at various times 
after initiation of stimulation (Kg. 2). No difference in suppression was 
seen when SCP was added at 4, 24 or 48 h after addition of Con A. 

Effect on KNA and protein synthesis 

To determine whether SCP inhibited Con A-induced RNA or protein 
synthesis, cultures stimulated with Con A to which SCP was added upon 
culture initiation were treated with pH]nridine or with [ u C)leucine and 
compared to cultures to which pH] thymidine was added (Fig. 3). SCP 
appeared to be less inhibitory to RNA synthesis than to either protein or 
DNA synthesis, although all were suppressed in a dose-dependent manner. 

Effect of heat treatment on inhibition by SCP 

To determine whether the inhibitory activity of SCP could be 
rlrminflt^ by exposure to heat, SCP was heated at 56 °C for 30 min or 
boiled for 3 min (Fig. 4). Heat treatment did not inactivate SCP. 

Effect of pronase treatment on inhibition by SCP 

To determine if the inhibitory activity of SCP was due to a protein 
moiety rarher than to complex carbohydrates, a cample of SCP was dig- 
ested with pronase. The remaining carbohydrate component was isolaLed 
and its activity compared with untreated SCP (Fig. 5)- The carbohydrate 
component of SCP did not contain the suppressive activity indicating that 
suppression of lymphocyte proliferation is a property belonging to the 
protein component of SCP, 
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SCP added T-24 
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Ft*, i ETfec of delayed »ddilioo of SCP or the proIUeratrr. ropooM of Coo A «timuUtod ipl^o 
cyttt. SCP was added « oitmre gatiarvro fT «= 0), after 4 h (7 « 4). or after 24 h (T « 24) of eui- 
tun. fcamhs arc expressed ai a * of the ropewe of iplenocym to Con A. to the answer of SCP. 
Each potat *m» deriv«d from the tmqt cpm ol iripCcate samples. The experiment was repeated vnh 
■ dLOercnl SCP preparation with similar remits. 

F*. 3. Eflea of SCP oo DNA, RKA and protein ryntbesij in Con A-idxnulated spleoocyia. SCP 
was added to Con A siinmlated ipienocyres sod the cultures were uscsed for DNA, RNA or protein 
syslhcdi by the addition of pH] thymidine, PH)uridine. or [**C)l mrw , mpecuvery. The rank* arc 
«xprws*d w • * of the rt»poa»c to Con A tn the absence of SCP. Each point w»» derived from the 
mmgt cpoi of triplicate samples. Toe experiment was repeated with two different SCP prepiratioiij 
witb ttt w ^* t ' results. 



Effect of SCP on proliferation of eel! lines 

Because SCP inhibited lectin- induced lymphocyte proliferation, the 
preparation was tested on cell lines of lymphoid and non-lymphoid origin 
to determine if the inhibitory activity was specific for lymphocytes (Fig. 
6). SCP inhibited the proliferation of all lines tested in a dose-depend em 
manner. Interestingly, its effects on the T ceD line, HT-2, with suppres- 
sion at high doses and apparent stimulation at low doses, were similar to 
those observed with some SCP preparations on phytolectin-stirnulated 
splenic lymphocytes. 
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Fi, 4 Effect of beat raiment on wpomsioo of Con A^nmuUixd splenocyia by SCP. SCP which 
•I untreated, belted « 56«C for JO mm. or boQed /or 3 «m .ddcd to Con A itlmuliced iplrn- 
ocnc U culture inhulioo. Result! tre apreued ej t * of the response of fplenocyta to Con A id 
the absence of SCP. Each point w« demed from the mvenre cpm of triplicate i*mpta. The experi- 
ment wu repeated with t differed SCP prcp»r^on with similar results. 
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Fit. 5 Effect or Dfoaasc ratment on SCP-mduad repP re«o« or Cod A-tnd»ced cptoocyte proEf. 
FI*. 5. Effect or Prow _ or pronx ^treai«i BSA w« added to Con A-rtiau- 

^A tnTT^ .f SCP. E*ch poifil wij derived Trooi the *«m. «. .f mpDcte A 
Ami* experiment uxm, a dlf fcrcn. SCP prrpirTjon |>» «mfl»r rauiu. 




Effect of SCP on NX cell activity 

NK cell activity H not dependent on cell proliferation. Therefor* the 
JZ tfr^P eLc lymphocyte pension, to h-se the NK erf ^.fcve 
™d^e YAC-l^ used to detune whether SCP wa ^c.tory 
^toration-independent effector cell function (Tabie 2). The «iju 
from two .cparale experiments indicate that SCP does not suppress Nl 
cell activity. 
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TABLE 2 

Effect of SCP on NK cell activity of rat iplenocytc 



E:Tr»tk> 



SCP" ^ killmf' 



Experiment J 

10:1 

10: 1 

23: I 

23:1 

50:1 

50:1 

Ejtperimeni 2 

10:1 
10:1 
23:1 
23: I 
50:1 
30: I 



13.6 
9J 
27.6 
27.6 
39.6 
12.9 



9.1 
9J 
U.l 
IS.6 
19.1 
33.9 



■ pf«ace or ibwnce oTSCP « 400 «/mL 

* Dtunnined from »*tr»c« cpm f flI mplwate wdh- 



Discussion 



In this study we used a preparation of secreted proteins synthesized by 
Sertoli cells in culture to assess the effect of Sertoli cell secreted products 
otTat lymphocyte proliferation in vitro. We found that SCP »h>b.ted 
mitogcn-induced lymphocyte proliferation in a dose-dependent manner 
added at culture inirialioo or up to 48 h after culture muauon 
Senoli cell culture medium not previously exposed to Sertoli cells**, not 
JSS Su not shown). DNA and protein synthesis w^nKtaed to 
H^e7«tent than was RNA synthesis by SCP. These SCP inhibitory 
Pr^Uo" however, were not toxic to activated lymphocyte, at any 
cT^mon tested, and inhibitory activity could be x^oved by ^ ™fcn E 
STS. within the nrst 24 h of culture (C.R. Wyatt. unpubUshed obse - 
^Ucms) Inhibitory activity was heat-stable and not associated with car- 
rt^'i- moiedes in addition, SCP inhibited proliferation of several 
te^Z ZZ;^^ non-lympboid cell types, but did not inhibit 
DToUferatioD-indepcndcnt NK cell acavity. 
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phytolectins have been reported (Majumdar et al., 1982; Anderson and 
Tarter, 1982; Srites and Erickson, 1975). Our studies indicate that Sertoli 
cells synthesize inhibitory factors which could be secreted into seminal 
plasma, and might inhibit the de novo development of immune responses, 
such as responses to sperm antigens. 

The second conclusion is that the inhibition appears to involve a late 
event in lymphocyte proliferation. This contention is based on the 
observation that SCP is suppressive when added to mitogen-stimulated 
splenocytes at any time within the first 48 h. Because RNA synthesis is 
less inhibited than protein or DNA synthesis by SCP, it suggests that 
translation of mRNA might not be occurring. 

The third conclusion is that SCP preparations do not interfere with 
established effector cell function. NK cell activity does not depend on cell 
division, adding support to the idea that inhibition by SCP is associated 
with cell proliferation. Furthermore, our results indicate that Sertoh' cells 
do not produce the NK cell inhibitory activity reported to be present in 
Seminal plasma (Marrttc pf s»l t 1 Q R^)_ 

The fourth conclusion is that the mechanism of SCP suppression of 
lymphocyte proliferation might involve a general event occurring in all 
dividing cells. It does not appear to be related specifically to lymphocytes. 
The observation that SCP inhibits proliferation of non-lymphoid cells in 
growth phase from several sources indicates that SCP might function at a 
metabolic site common to all cells. In addition, the fact that the cell lines 
were derived from animal species as diverse as mice, bats and cattle sug- 
gests that the inhibitory mechanism is not species-specific. 

SCP preparations consist of at least 7 major and many minor glycopro- 
teins of which there might be more than one molecule with an effect on 
lymphocytes. Some preparations of SCP appear to show a slight enhance- 
ment of Con A- and PWM-induced lymphocyte activation when added at 
low concentrations (25 pg/ml final concentration). Similarly, low concen- 
trations of some preparations of SCP enhance proliferation of an IL-2- 
dependent T lymphocyte line but have no enhancing effect on any of the 
non-lymphoid cell lines tested. We have not yet isolated the apparent 
mitogenic factor and do not know why it does not appear to be present in 
all Sertoli cell supematants. However, we speculate that, at high SC? 
concentrations, the inhibitory activity is SCP preparations may be capable 
of overcoming the mitogenic activity. Upon dilution j the inhibitory- activ- 
ity may be diluted away sooner leaving only the mitogenic activity. Fur- 
ther analysis of any mitogenic molecule secreted by Sertoli cells will 
require purification of the factor from the crude SCP. 

The SCP inhibitor of cell proliferation discussed here has no: yet been 
purified to homogeneity. However , preliminary results suggest that the 
inhibitory activity lies within a fraction containing proteins with apparent 
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molecular weights in the range of 10,000 — 25,000. These molecules axe 
loo large for any of the Icnown suppressive molecules such as prostaglan- 
dins. Purification of the suppressive protein(s) is presently underway. 

We believe that Sertoli cells produce SCP. We know nothing as yet 
about the role of hormones in the induction of the suppressive factor, nor 
do we understand what function it might have in regulation of sperm 
maturation. When we have purified and sequenced the factor, we can 
make the necessary reagents to study it further. Wc believe that such 
reagents will be required to confirm the Sertoli cell specific origin of the 
factor and better understand its role in the male reproductive system. 

Seminal plasma has been reported to inhibit a wide variety of immune 
system functions (James and Hargreave, 1984). We have shown here thai 
cultured Sertoli cells might contribute at least one of the inhibitory effects 
observed in seminal fluid. Our culture system should be of value in deter- 
mining which of the other immunomodulatory effects of seminal fluid can 
be attributed to Sertoli cell secretions. 
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Pancreatic islet alio- and xenografts are not rejected 
and exhibit long-term £-cell function if transplanted into 
the abdominal testis of the diabetic host. Successful 
transplantation appears dependent on local factors 
unique to the abdominal testis. Because Leydig cells 
remain viable in abdominal testes, which also retain 
high levels of testosterone, the following question was 
addressed: do Leydig cells and/or their secretory prod- 
ucts influence islet transplantability in the successful 
islet/abdominal testis transplantation model? 

Streptozotocin-induced diabetic rats (Sprague-Daw- 
ley) were injected with 75 mg/kg ethane dimethanesul- 
fonate (EDS) tn selectively eliminate Leydig cell*, prior 
to or following transplantation with islets isolated from 
the BBWOR dr rat. Subcutaneous silastic tubes packed 
with estradiol prevented Leydig cell repopulation in the 
EDS-treated recipient. 

Grafted diabetic animals, including the EDS-treated 
rats with serum testosterone at castration levels, became 
nornoglycemic following islet transplantation and re- 
mained so for up to ten months. Leydig cells were not 
observed in testes of the EDS- or EDS/estradiol-treated 
rats, whereas the transplanted islets within these testes 
appeared structurally normal and highly vascularized. 
Islets resided within the testicular interstitial compart- 
ment and contained a-, 0 and 5-cells, as identified by 
electron microscopy. Beta cells were most prominent, 
contained secretory granules and exhibited a close struc- 
tural and functional relationship with adjacent intrais- 
let capillaries. 

We conclude that Leydig cells and Leydig cell secre- 
tory products, including testosterone, are not necessary 
for protecting islets against rejection and they do not 
play an obligatory role in the success of the islet/abdom- 
inal testis transplantation protocol. Leydig cells and 
Leydig cell secretory products do not promote long-term 
£-celI function and are not required for the return to 
and maintenance of normoglycemia in the grafted dia- 
betic rat. 

It is well known that the testis is an immunologically privi- 
leged site that provides a unique environment for enhanced 
transplantation success {1-7). However, mechanisms by which 
this phenomenon is affected are, as yet, undefined. Selawry and 
coworkers have shown that the abdominal testis, rather than 
the testis m its original scrotal position, is the most suitable 
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site for extended functional survival of islet alio- and xenografts 
(8,9). 

It has been suggested that the elevated levels of intratestic- 
ular testosterone and/or progesterone, products of the testicular 
interstitial cells of Leydig, may cause an inhibition of the local 
immune response (10-12) and therefore provide the testis with 
its unique immunologically privileged status. In a previous 
study we showed that the administration of leuprolide, a GnRH 
analog, resulted in a significant decrease of serum and intrates- 
ticular testosterone levels, but had no effect on the functional 
survival of islet allografts in the nonimmunosuppresspd rpcip- 
ient (13). However, steroidogenesis remained active as evi- 
denced by a significant elevation of serum progesterone (13). 
Hypophysectomy ablated both of these steroids (13) but may 
not have interfered with the secretion of nonsteroidal secretory 
products of the Leydig cell. Nonsteroidal Leydig cell products, 
including activin and inhibin, have been postulated as being 
factors which may play a role in an inhibited local immune 
response (7, 13). 

The aim of this study was to examine the survival of islet 
allografts in the abdominal testes of diabetic rats in whom 
Leydig cell steroidogenesis and other synthetic and secretory 
functions had been eliminated completely rather than just 
suppressed. The compound ethane dimethanesulphonate 
(EDS) is known to selectively destroy Leydig cells after a single 
intraperitoneal injection reducing testosterone to castration 
levels (14). The concomitant treatment of EDS-treated animals 
with /3-estradiol prevents Leydig cell regeneration, making it 
possible to determine the transplantability and examine the 
function of islet transplants in the selective absence of Leydig 
cells. In this report we describe the effects of Leydig cell 
depletion on the structural and functional characteristics of 
grafted islets in normoglycemic rats with established islet al- 
lografts and determine if Leydig cells and their secretory prod- 
ucts are necessary to establish and/or maintain a successful 
islet transplant in the abdominal testis of a diabetic rat. 

MATERIALS AND METHODS 

Animals and metabolic parameters. Male Sprague-Dawley toutbred) 
rats (250±11 g) were used as recipients of islet implants. Prior to 
implantation they were made diabetic with a single intravenous injec- 
tion of streptozotocin (60 mg/kg body weight ). Female BBWOR dr rats 
iRT-T) were used as islet donors. Streptozotocin-induced diabetic rats 
were kept in metabolic cages and metabolic parameters— including 
body weight, urine volume, and urine glucose content— were measured 
at daily intervals. Additionally, plasma glucose concentrations were 
determined at weekly intervals. Only rats with random plasma glucose 
levels in excess of 400 mg ; dl were transplanted. 

Islet isolation and incubation Islets were isolated according to a 
method described by James et al. ( 15). Briefly, rat pancreases were 
distended in situ by the injection into the common bile duct of 10-12 

9 



650 



TRANSPLANTATION 



Vol 50. A'o 4 



ml ice-cold collagenase solution (Sigma, type XI, 0.5 mg/ml). Distended 
pancreases were removed and incubated in a stationary water bath for 
17 min at 37"C Following manual disruption for 1 min, digested tissue 
was washed 2-3 times by centrifugation in cold Hanks' buffer. The 
resulting tissue/islet suspension was twice layered on Ficoll gradients 
(8) and separated by centrifugation at 500 xg. The purified islets were 
collected, washed in Hanks' buffer and transferred in groups of 150 to 
Petri dishes containing 6 ml CMRL-1066 culture medium supple- 
mented with 10% fetal calf serum, 100 U/mi penicillin, and 100 ng/ml 
streptomycin and incubated for 4-7 days at 37°C in 5% C0 2 -95% air. 
The incubation period chosen was a matter of convenience. Islets 
cultured for two days will suffice. 

Islet transplantation. Transplantation of incubated islets into the 
abdominal testis was performed as previously described in detail (9). 
Briefly, each rat received an intratesticular injection of 10 islets/g of 
body weight. The grafted testis was then immediately anchored into 
the abdominal cavity by simple surgical fixation with suture. Rats were 
not immunosuppressed and no insulin was given. Following surgery, 
the grafted rats were transferred to metabolic cages for further daily 
examination of the metabolic parameters as outlined above. A rat was 
considered "cured" if the following criteria applied: a random plasma 
glucose level of 130 mg/dl or less, rapid weight gain, aglycosuria, abrupt 
reversal to hyperglycemia after surgical removal of the grafted testis, 
and histological confirmation of the presence of viable /9-cells within 
the testis. 

Preparation of EDS. This drug was prepared according tn the method 
of Jackson and Jackson (76). A mixture of 45 ml of pyridine and 9 g 
of ethylene glycol was prepared and cooled in an ice-salt bath. To this 
mixture 34 g of redistilled methanesulphonyl chloride was added drop- 
wise from a separating funnel while the reaction temperature was being 
maintained below 10°C. The ice bath was then removed and when the 
reaction mixture attained room temperature it was added, with stirring, 
to a prepared ice-acid mixture consisting of a 1-L beaker three-quarters 
filled with crushed ice and 45 ml of concentrated sulfuric acid. Stirring 
was continued until the separating oil was solidified. It then was filtered 
off by suction and washed first with cold water to remove the acid and 
finally with chilled methanol. Two crystallizations from chloroform- 
methanol yielded about 15 g of pure ester. The pure ester, insoluble in 
water, was dissolved first in dimethylsulfoxide (0.5 ml/75 mg). Water 
(1.5 ml) was added drop-wise with agitation to give the required 2 ml/ 
kg body weight dose volume. 

Preparation of 3 -estradiol implants. Silastic Medical Grade Tubing 
(Dow Corning 601-335; ID 0.132 inches. OD 0.183 inches) was cut in 
approximately 2 cm segments, and one end was closed with Silastic 
Medical Brand Adhesive Silicone Type A (Dow Corning) and allowed 
to dry overnight. The following day about 0.5 cm of /3-estradiol (Sigma) 
was pushed into the tubing and the other end was sealed. After it was 
allowed to dry for 48 hr, the capsules were soaked in PBS for an 
additional 48 hr. The capsules were implanted in rats underneath the 
skin on the dorsum of the neck through a small incision. 

Treatment of rats with EDS and 3-estradiol. A total of 31 diabetic, 
hyperglycemic male rat? received islet transplants as described above 
and treated as follows: 

Group 1: Five diabetic rats were used as controls and given an i.p. 

injection of 2 ml of the solvent. DMSO, prior to transplan- 
tation. No other therapy was given. 
Group 2: Six diabetic rats were treated with EDS and transplanted 

within the next 15 days, 
fjroup 3: Fourteen diabetic rats first were transplanted and then 

treated with EDS following an established cure, 
(iroup 4: Six diabetic rats first were transplanted and then treated 
concurrently with EDS and ^-estradiol following an estab- 
lished cure. 

In addition to the collection of the metabolic parameters, blood 
samples were obtained before and after EDS and EDS EST treatment 
to determine serum testosterone levels. For the determination of intra- 
testicular testosterone level?, the grafted testes were cut into 100-mg 
tragments from which the steroid hormone was extracted with meth- 



ylene chloride. The extracts were stored at — 20°C until assaved for 
testosterone using a radioimmunoassay kit obtained from New England 
Nuclear. 

Tissue collection and testicular morphology. At specific intervals, 
ranging between 44 and 437 days after transplantation, a total of 10 
rats (groups 1-4) were orchiectomized. Bisected testes were immersion 
fixed with 59^ glutaraldehyde in 0.1M s-Collidine buffer for 1 nr. washed 
in buffer, and postfixed for an additional hour with 1^ osmium tetrox- 
ide in 0.1 M buffer. Small tissue fragments (approximately 25 mm*i 
were dehydrated through a graded series of ethyl alcohols, transferer 
to propylene oxide and embedded in Epon 812/Araldite plastic resin. 
Thick (0.5-^m) and thin (900-ng) sections were stained routinely with 
toluidine Blue and uranil acetate/lead citrate, respectively, for struc- 
tural analysis by light and electron microscopy. 

RESULTS 

Metabolic parameters. The mean nonfasting plasma glucose 
levels in 5 control, DMSO-treated rats and 7 EDS-treated rats 
were 470 mg/dl ±28 and 433 mg/dl ±34, respectively, prior to 
transplantation. Following the injection of islets into the ab- 
dominal testis, both the control and EDS-treated rats became 
normoglycemic within 48 hr. The mean nonfasting plasma 
glucose levels 70 days after transplantation were 111 mg/dl ±9 
and 131 mg/dl ±8, respectively. The average weight gain over 
a 70-day peiiuu fallowing transplantation of the 5 age-matched 
control and of the 7 EDS-treated rats was 110 g ±7 and 100 g 
±25, respectively. 

Duration of normoglycemic. With the exception of two rats, 
all grafted animals in groups 1-4 became normoglycemic fol- 
lowing islet transplantation and remained normoglycemic for 
greater than four months or until sacrificed for tissue collection. 
Two rats in group 2 became hyperglycemic, one in whom the 
testis had reverted to a scrotal position and one for unexplained 
reasons. 

Serum and intratesticular testosterone. Serum testosterone 
was determined approximately 30 days following EDS in = 13) 
and EDS/EST (n=10) treatments (Fig. 1). Mean values for the 
EDS-treated group (0.09 ng/ml ±0.02) and the EDS/EST - 
treated group (0.02 ng/ml ±0.02) both were significantly 
(P<.05) lower than mean values for either normal control rats 
(3.17 ng/ml ±1.09) or untreated diabetic rats with abdominal 
testes (3.13 ng/ml ±1.6). Intratesticular testosterone was de- 
termined in untreated (n=20) and EDS-treated (n = 2) diabetic 
rats with abdominal testes (Fig. 2). The mean value for the 
EDS-treated group (1.14 ng/100 mg testis weight ^0.2 1 was 
significantly [P<.0o) lower than the control value (26.0 ng '100 
mg testis weight ±7.0). 

Structural analysis of grafted testes: Group 1. Testes from the 
untreated, grafted rat were typical of cryptorchid testes and 
conformed to the description of altered tissue histology in 
experimentally induced cryptorchid rat testes as described by 
Clegg {17). In general, there was overall seminiferous tubule 
atrophy, with an increase in the tubule wall thickness (Fig. 3). 
Tubules were devoid of most germ cell types, showing, occa- 
sionally, the presence of spermatogonia in the seminiferous 
epithelium. Sertoli cells were conspicuous due to the absence 
of germ cells and appeared normal in structure, with the excep- 
tion that the highly organized architectural relationship of 
Sertoli cell cytoplasm with germ cells was nonexistent (Fig. 3i. 
Typically, there was a high density of cells in the testicular 
interstitial compartment giving the appearance of Leydig cell 
hyperplasia (Fig. 3). Likewise, there appeared to be an increased 
amount of interstitial extracellular matrix (Fig. 3). 
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Figure 1. Serum testosterone was significantly (P<.05) lower in 
diabetic rats with abdominal testes treated with either EDS or EDS/ 
EST when compared with the levels of serum testosterone in both 
normal control rats and untreated diabetic rats with abdominal testes. 



of such granules found in normal islets as described by Rhodin 
(18). The primary cell type of each cluster was the J-cell, which 
represented approximately 60-90% of the cell population. 

Groups 2-4. Testes from rats treated first with EDS and then 
grafted (group 2) appeared similar to testes from group 1 
animals (Fig. 4). Both the testicular tissue and islet implantp 
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FIGURE 2. Intratesticular testosterone was significantly (P<.05) 
lower in EDS-treated diabetic rats with abdominal testes when com- 
pared with intratesticular testosterone in untreated diabetic rats with 
abdominal testes. 



FIGURE 3. This light micrograph illustrates the structural anauge- 
ment of a pancreatic islet within the abdominal testis of an untreated 
diabetic rat. The islet (I) resides within the testicular interstitial 
compartment and outside of the seminiferous tubule. Islet cells are 
partially segregated into cell clusters by connective tissue trabeculae 
that contain intraislet capillaries (curved arrows). The seminiferous 
tubule has a thickened tubule wall (T) and its seminiferous epithelium 
is depleted of germ cells. Most of the remaining epithelial cell types are 
Sertoli cells (S). Also present within the testicular interstitial com- 
partment are numerous Leydig cells (straight arrows) ixlOOO). Inset: 
With electron microscopy, cells of the implanted islet are identified as 
a-cells (A), 0-ceIls (B), and 5-cells (D) by the unique structure of their 
secretory granules (X1500). 




Transplanted islets in testes of group 1 rats appeared similar 
to islets in situ and resided in the testicular interstitial com- 
partment along with normal appearing testicular macrophages, 
interstitial Leydig cells, and small blood and lymphatic vessels 
(Fig. 3). Some islets appeared partially encapsulated by a type 
I collagen-rich extracellular matrix that contained fibroblast. 
In most cases, however, islets were directly adjacent to one or 
more seminiferous tubules without intervening matrix (Fig. 3). 
Islets had thin connective tissue trabeculae that contained 
normal appearing capillaries and which separated the endocrine 
cells into distinct clusters (Fig. 3). Each cluster was composed 
of large ovoid cells (10-25 nm) with round, centrally located 
euchromic nuclei (8-10 nm) each containing distinct nucleoli 
(Fig. 3). Most of the cells contained a variable number of 
homogenous secretory granules which, by electron microscopic 
examination, were identified as secretory granules unique to 
the a-, and <vcell types (Fig. 3). The structure and dimen- 
sions of these secretory granules conformed to the description 




FIGURE 4. This light micrograph shows an implanted islet (I i within 
the abdominal testis of a diabetic rat treated with EDS. Histology of 
both the islet and seminiferous tubule is identical to that described for 
the untreated grafted rat (Fig. 3) with the notable exception that there 
are no Leydig cells present. Islets are separated into cell clusters by 
connective tissue trabeculae (curved arrows). The testicular interstitial 
compartment contains fusiform -like fibroblasts, testicular macro- 
phages the cytoplasm of which is highly vacuolated and filled with 
dense bodies (straight arrow t but no Leydig cells. (Si Sertoli cells: (Ti 
seminiferous tubule wall (xllOOi Inset: The predominant cell type 
within this implanted islet is the o-cell iBt. identified in this electron 
micrograph by the ultrastructure of its secretory granules ix^.SOui. 
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conformed to the description of these tissues as described above, 
with the notable exception that Leydig cells were not present 
within the testicular interstitial compartment (Fig. 4). Macro- 
phages were typical in their appearance and distinctive because 
of their highly vacuolated cytoplasm, unlike the dense and 
fusiform-like fibroblasts. This appearance of testicular tissue 
and the notable absence of Leydig cells conformed to previous 
descriptions of testes treated with EDS (14). EDS treatment 
following islet transplantation (group 3) did not alter testicular 
and islet histology or ultrastructure beyond that described for 
testes from rats in group 2. Treatment with EDS/EST (group 
4) also did not result in testicular and islet morphology different 
from that described for animals in groups 2 and 3 when struc- 
turally analyzed at one or three months following treatment 
(Fig. 5). 

All islet implants observed (groups 1-4) exhibited a close 
structural relationship to normal-appearing intraislet capillar- 
ies (Figs. 3, 4, and 5). Some /3-cells contained secretory granules 
that appeared to have been fused with the cell membrane and 
in the process of depositing their secretory product into the 
perivascular space of the adjacent capillary (Fig. 6). 

DISCUSSION 

Pancreatic islet implants suiviveu and demonstrated normal 
0-ceIl function for extended periods— up to ten months — in 
Leydig cell-depleted abdominal testes of the diabetic rat host. 
The recipient rat had dramatically reduced serum and intrates- 
ticular testosterone, comparable to castration levels, and pre- 
sumably all other Leydig cell secretory products. Secretory 
reduction was concurrent with successful transplantation, as 
determined by the sustained maintenance of normoglycemia in 
the once severely hyperglycemic rat. Reduction of testosterone 
either prior to islet transplantation or following an established 
graft did not interfere with the establishment of normal islet 
structure within the testis or continuation of normal intrates- 
ticular tf-cell function. 

Although the success of abdominal testis islet transplanta- 




FlGURE 5. EDS/EST treatment had no additional effect on the 
structure of implanted islets and testicular tissue beyond that described 
for treatment with EDS alone (Fig. 4). Leydig cells were absent — and, 
as shown in this electron micrograph, most of the implanted islet cells 
were ci-celis that contained many secretory granules (curved arrows' 
typical of this cell type. The ::'-cells iBi are directly adjacent to a 
seminiferous tubule wall iTi and separated by a connective tissue 
trabeculum containing an intraislet capillary. RBC: red blood cell 
within the intraislet capillary ix20l>0>. 




FIGURE 6. This electron micrograph of a 0-cell of an islet implanted 
into the abdominal testis of an EDS/EST-treated diabetic rat contains 
structurally normal secretory granules (B). One of these granules 
appears to be fused with the cell membrane and to have released its 
contents (curved arrow) into the perivascular space of an adiacent 
intraislet capillary. (N) nucleus; (E) capillary endothelium; (L) lumen 
of capillary (x30,400). 



tion for the cure of diabetes has been demonstrated in both the 
streptozotocin-induced and BBWOR dp diabetic rat (.9), this is 
the first time that successful testicular transplantation of islets, 
or any tissues, has been documented in testes devoid of Leydig 
cells. Islet transplantation into testes of hypophysectomized 
diabetic rats with reduced testosterone has been reported by 
Selawry et al. (9). In this study, however, nonsteroidal secretory 
products of the Leydig cells, such as activin and inhibin. could 
not be eliminated as beneficial participants in the successful 
transplantation protocol. Although there is support for the 
participation of testosterone as a local suppressant of the 
immune response in the testis (10-12), the present study clearly 
illustrates that there are no secretory products from Levdig 
cells that are necessary to either initiate or maintain the normal 
structure of grafted islets or the normal function of J-cells. 

It has long been observed that the testis exhibits a privileged 
immunological status in that it contains, but does not reject, 
several highly immunogenic germ cell autoantigens (19) and 
exists as a site of enhanced immunological protection for trans- 
planted tissues ( 1-3. 5-7). The protection of testis autoantigens 
from the immune system can be explained by their isolation in 
the immunologically safe adlummal testicular compartment 
(20). sequestered on the safe side of the blood-testes barrier 
(21 ). Protection from antigens that reside on the vascular side 
of the blood-testis barrier is not yet understood. 

Because the islet implants in this study, and probably all 
surgical implants m the testis, resided within the interstitial 
compartment of the testis and not in the seminiferous epithe- 
lium, it is misleading to assume that immunological protection 
of the testicular islets was in some way mediated by the blood- 
testis barrier. Islets located in the interstitial compartment 
were exposed to the systemic immune system and not physical iv 
protected by the blood-testis barrier, as are the highly antigenic 
spermatids (22). It is clear from the results of this and our 
previous studies (9. J.'-f. 24) that some other local mechanism 
not involving the blood-testis barrier must provide for immu- 
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nological protection of the islet graft and that this mechanism 
is heat dependent. 

Support for this hypothesis was recently provided by the 
identification of autoantigens in the mouse testis that were 
identified and located outside the blood-testis barrier (25). 
Their immunological protection, like the testicular islets, was 
mediated by some yet-to-be-defined mechanism. 

Although the testis has been described as an immunologically 
suppressed tissue (7), the elaborate series of studies of Head 
and coworkers (5, 6, 12) confirmed that the efferent immune 
responses within the testes is not deficient. It is likely then 
that local factors other than deficient testicular macrophages 
provide for the protection of antigenic germ cells outside the 
blood-testis barrier and interstitial compartment implants. 

It is not probable that germ cells are involved, because they 
are readily depleted in the abdominal testis and because allo- 
grafts display prolonged survival within testes subjected to 
experimental cryptorchidism (12, 26). Recently, Selawry and 
coworkers grafted islets into scrotal testes depleted of germ 
cells by the technique of cold testicular ischemia (27). The 
diabetic rats remained hyperglycemic for thirty days following 
transplantation, at which time the grafted testes was surgically 
fixed into the abdomen. Experimental cryptorchidism of the 
germ cell depleted, giaficJ testes resulted in a return to nor- 
moglycemia within 24 hr (unpublished observations) illustrat- 
ing both noninvolvement by germ cells and the obligatory role 
of elevated temperature (e.g., abdominal temperature) in the 
success of this transplantation protocol. 

By the elimination of other cell types, the Sertoli cell becomes 
the most likely testicular cell type involved in providing the 
testis with its unique immunological environment. This hy- 
pothesis is supported by the recent reports that Sertoli cells 
produce immunoregulatory proteins (7, 28). We are currently 
evaluating the role of Sertoli cells in successful pancreatic islet 
transplantation in the diabetic rat testis. 
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Tenia ted islet allografts survive la definitely in the Ab- 
dominal testis of nonimmttnoeqppr t ee ii d diabetic ntt. 
The* predominant feature of these testes is that the pres- 
ence of Sertoli oelU, bnt not Leydig cells, is required for 
extended survival of the islet allografta, Sertoli cells 
cultures were therefore eats bushed in vitro and we ex- 
amined the effects of the conditioned media on Con A- 
rfimiilat'H spleen lymphocyte proliferation. These stud- 
ies revealed that a produces) secreted by Sertoli ceils 
inhibits Con A-etimnlated lymphocyte proliferation in 
a dose dependent manner. The ryntheeis of this product 
is both temperature-dependent, occurring predomi- 
nantly at S7*C, and hormone-dependent, requiring the 
pr ese nt *) of follicle stirnnlaririg hormone, in the col tare 
medium. We farther examined the mechanism of inhi- 
bition of lymphocyte proliferation and showed that Ser- 
toli oeH— enriched media inhibit the production of LL-2 
in a doee-depan din t manner. Furthermore, the fmrflng; 
that the addition of exogenous XL-2 is not able to reverse 
this inhibition indicates that the Sertoli cell— enriched 
media inhibit both EL- 2 production and LL-2 responsive- 
nees of T lymphocytes. 

The testis has been considered an imrr.iirto logically privileged 
sits since the Late 1930s when Greene transplanted pieces of 
human mammary cancer into the testes of rabbiU and showed 
that these cells survived long enough to be examined for re- 
sponse to chemotherapy (J). Subsequent studies bsve shown 
that other cell types such as skin {2), parathyroid (3), and 
pancreatic islets («*), also live longer is the testes compared 
with the survival of identical tissues in organ sites such as the 
renal subcapsular space or the liver. Stadias done over the past 
five years in our laboratory, have shown for the first time that 
not only is the testis in its original scrotal position an immu- 
nologically privileged site, but that the abdominal testis, in 
particular, provides an extraordinary safe environment for the 
extended survival of islet grafts. Long-term survival occurred 
irrespective of the origin of the isolated islets: thus islets grafted 
serosa major histocompatibility barriers {$), islet xenografts 
(61, and islets of MHC-compatible don on grafted Into rata with 
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spontaneous diabetes melutus of autoimmune etiology (7) con- 
tinued to function indefinitely in diabetic recipients. 

The mechanisms reaponaihia for the remarkable survival of 
islet grafts in the u yplor chid testis are not known. One or 
more of the three major cellular components of the testis — 
including sperm, Leydig cells* and/or Sertoli cells — may con- 
tribute to this phenomenon. Sperm and seminal Quid have 
immunosuppressive effects on phytolectin-induced cell- me- 
diated j™rr tm ' responses (8). But since spermatogenesis u 
rapidly impaired in the abdominal testis it is tm likely that the 
sperm cell is responsible for immunologic protection. Previous 
efforts in our laboratory have evaluated the potential immu- 
nosuppressive role of the Leydig celL A variety of techniques 
were used to selectively destroy local steroidogenesis in the 
testis (9). These studies showed that islet allografts survival 
was not affected, even in testes devoid of Leydig cells (10). 

The current study was designed to evaluate the contribution 
of the Sertoli cell toward producing this immun opri vileged site. 
Sertoli cells are epithelial cells within the seminiferous tubules 
and art responsible for the synthesis of a wide variety of 
proteins and hormones required for the orderly differentiation 
of sperm cells (ID. Our hypothesis was that certain of these 
factors have immun ueuppi tag ive qualities that result in the 
protection of mtratesticular islet allografts against immune 
destruction. In order to test this hypothesis, a aeries of experi- 
ments were i>**i«**ff in vitro, to examine the effects of Sertoli 
cell factors on T lymphocyte proliferation, and on islet cell 
function. The present report deals with the effects of Sertoli 
cell secretory products on T lymphocyte proliferation. 

MATERIALS AND METHODS 

Ieoiation and incubation of Sertoli cefl tnriched fraction* Mala Spra- 
goe-Dewky (S-D) rata, b c t wen 16 and IS days old, waxa aaad czrlu- 
arvaiy, since at this ae» taatiruJar contamination with sperm call* i* 
Lea* than 5%. Tha calls «mx« prepared according to a modification of 
Lbs method of Morhd et al (72). which inrohvad the following: the ran* 
were anesthetized with pentobarbital sodium fWyeth Laboratory Tnr . 
Philadelphia, PA) and the uct« removtd under aseptic condition*. 
The DMsnfaraxMa *-ert gently paaled off and tha aamiaifrroue tubuk* 
cut into smaller ( LO-mm) fragments. Tha fragments war* than diraatad. 
in tandem, brat with trypain (typa III, Sigma Co, St. Loco*, MO). 75 
mg/e tastes, sod than with a mixture of ooUatcaeae (type LA. Sigma, 
Sl Louis, MO). 40 mg/8 taeaea, end DNAnaee (Sigma, St. Louis. MO). 
20 *g/B taatea, m • shakiag water bath etTTC The mgeetad material 
conaistxng mamly of Sertoli oalia, was wmabed three tames with a 
pboephet* baflar solution. Tba Sertoli calls wcra a nn ia u i wd in coftura 
medium, Ham-F»oMEM. supplemented with 1% fetal calf aamm, and 
wen tiaaaferrad to 24-wcTj platae (Coalar Co, Cambridge, MA). Each 
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w*l\ was coated with Matrix' fCoILsborttive Research Lnc, Bedford 
MA) and contained 1 ml of the Sertoli call suspeosioo. The plate* were 
preincubaied at 39*C for 2 days in order to eliminate rwdueJ ferm 
cells- The supernatants ware aspirated and Sertoli ceils were then 
cultured m *emin-frt» Hun-F^&MEM* tupplemcnud with follicle 
fcmuiatinr; hormone (10 mJdL. NTADDK, STH, Betheeda, MD). tes- 
tosterone (3 MX/dl Sixzne, St. Loui*, MO), reunai acetate (5 Mx/dl, 
Sixmx, Sl Louis, MO), and a combination of juuUn, transferrin, 
•elsnious acid, linoleic acid (ITS*), I mJ/dl (CoILaboraM Research, 
Bedford, MA), tt 32*C or at 37'C for ■ total of 6 day*. Tha coadatjonad 
media were collected at daily intarvaia, eantrifafed at 500 Xf to remove 
the d*bria, pooled, and stored at -20*C. 

Rat spleen lymphocyte preparation. Spleens were removed from male 
or female 3-D rata, waijninr between 250 and 300 & under sterile 
condition!- Sin^la-cell suspension* were prepared by rentW lirtmAj^ni. 
ration of to* tissues, Th* cella were centri/ufed at 500 X{ and tha 
peDeta reawspended in KBSS and 20% acid eitrat* dextrose in order to 
hyse tbe erythrocyte*. The calls were waahed in a phoephate buffer 
solution and caotrifufed at 2000 rpm for 10 mm. Tbe calls were then 
counted after bain*, suspended in Ham-Fia^MEM, fuppimentad wtth 
10H normal rat eerum (NRS") and anr fhinrin 

Lymphocyot proliferation (LPF assay. Spleen rymphocyt* prepare- 
uons were rtri — ^ at 2x10'/ ml in Haa-Fi2-oMZM containinr 10% 
NRS. A total of 50 *1 of tha ceil suspension was dispensed per w*U, in 
tripUeata, in 96-w*Q U-botiomed culture platea, and madia added to a 
total wham* of 200 >d/weIL In studiee where diffarent vohnnae of 
Sertoli ceil enriched madia (SSO were added to tha lymphocyta cul- 
ture* th* *™* ] volume p«t well wa» always brouxnt to 200 ml by addition 
of the appropriate amount of media. An optimal concentration of 2 ul 
of Coo A was added to each well in order to stimulate tympbocyt* 
proliferation. Culture plates were incubated at 3T*C for 5 days in a 
humidified atmosphere of 5% CO, in air. The culture* were pulsed with 
L «Ci/w«Q of *H -thymidine (ap. activity 6.7 n&/mmol) IB hr be fort 
the ware harvaatad in a Titertek harvester. Tbe dried stripe were 
then collected and proceeded for oouutinx in a liquid scintillation 
couatar. Viability of tha cultured splean cells was a a s en s d , at daily 
interval*, by means of a 0J2% trypan blue exclusion teat. 

Temperature- induced effects. Sertoli cells were cultured at 32* C or 
at 3TC and tha spent madia (SSC) collected and stored at -20' C 
Lymphocytes were prepared ea described above. Cultures for prolifer- 
ation studies were prepared, in triplicate, by eddinf 25 pi of 4xl0*/mi 
of tha call soapanaion, and 2 mX of Con A per waU. Varyinc smounta of 
SSC obtained from curfcarea at 32* C, or 37'C were added to the 
lymphocyte cutture* and th* anal volume was brought to a total volume 
of 200 #d/well with Ham-F12-DMEM. Control wells contained lympho- 
cytes, with and withoct Con A and with Ham-Fl2-DMEM but no 
SSC Th* plata* were cultured at 37'C for 3 days before harveatinx. 

Horrrwmc-indixed effect*. Sertoli ceJU ware euiturwd at 3T*C for 2 
days in the pTaeancs of (A) Ham-F12-DMEM and FSH, taatoatarona, 
retinal acetate, and ITS*, (B) the same as (A) but without FSH. or (C) 
the f as (A) but without testosterone. Lymphocyte cultures were 
prepared as described above and cultured in the prsee nr* of varrinf 
amounts of tha crude SSC. The control walls for all of thee* experiment* 
contained calls and Ham-F12-DMEM supplemented with FSH. taatoa- 
tarona, retinal acetate, and ITS, but no SSC Tbe curturinx and 
processing- of tha calls were dona as described under ( AJ above. 

Effect of heat-treatment of SSC on lymphocyte prevention. Sertoli 
cells were enitared et 3TC for 2 day* in Haaa-F12-DMEM supole- 
mtniad with FSH. taetostarooe. retinal acetaU and ITS- The SSC was 
coUectad and heated at 56*C in s water bath for 30 tain before addition 
to the Jynrphocyta cuftare*. 

Effva of tumnf of xidition of SSC on hymphacyU proiiferaiWL Sertoli 
c*0s were cultured at TTC for two days and in the prtascca of the four 
edditrvea, sa daecribed abov«. Lympbocyts cultures ware prepared, and 
M al of the SSC added par well at th* hecinninf of th* culture or at 

• Abbreviations: SSC Sertoli ceU-toricbad medium; LP, Lympho- 
eyta proEfaration. 



interveii of I, 15. 24, 36, end <& n: i^tar. The cells were '.hen cultured 
tnd pnxesa*<J sa described above. 

Effecu of SSC on die production of !L~2 by ror spiem cell cuturrx 
IL-2 dependent CTLL aaaay: Ra: Jp<«n ct'J suspensions were prepared 
tn Ham-FU-DMEM supplemented with 10% NRS and 5x10"* M 2- 
toercaptoethanol (Stfma, SL Louis, MO). Control plates ware prepared 
tn triplicate by addinf 100 of ■ IX 10*/ mi call suspension and 100 *\ 
of 20 Mt/mi Con A par well in 96-weil culture plate* Test wells were 
prepared in triplicate by addinf tbe sam« number of cells and varyinc 
amoenu of SSC par w*IL To each well Coo-A-containinf madia were 
then sddad to brinf the final volume to 200 ul and the final Con A 
concentration to 2 nxJmL The pistes were cultured st 3TC for 1< hr. 
The madia were then removed, centrifucad st 2000 rpm for 5 min. snd 
the tuperna cants coUectad to tast content in a bioasaay uaiac IL- 

TVa CTLL assay: We used the CTLL mouee cell line known to 
proliferate in response tn CL-2. but not to Coo A *» the uMlicator call 
system for determination of U^2 activity . Supernatant derived from 
cultures of Con A-stiaulated rat spleen lymphocytss in th* abaeoca 
and pTvaence of SSC was used as a source of IL-2. CTLL cells were 
maintained snd cuhorad in 10% PCS Ham-FlZ-DMEM media suppU- 
mantad with 2-M2. To teat tha effecta of SSC on IL-2 production by 
rat splean ceila, euituras were prepared in triplicate by sddtnf 100 *1 of 
s 1X10* CTLL/ml suspsnawn, and 100 ul of th* rat spleen cefl super- 
natant enactions par wall in U-bocomad 96-w*U plaice. Th* ceOs were 
cultured at JTC for 24 hr. IL-2 activity was saisaeed by u >aa *uiina ; *H- 
thyrnsdme tspiaaa by CTLL after s 6-hr puis* with I *Ci 'H-thymidine 
tap. activity fl.7 *Ci/mmol) st tha end of tha 24-hr period 

Lympbocyta proliferation; After removal of th* supernatant for the 
CTLL assay, the remainina; ceUs w«ra couectad, and 100 «1 of the 
mixed call suspension was resuspended with 100 fd/well of fresh Kem- 
F I1 _ D MEM in a freah culture plate. Th* plates w*r* then cultured for 
in additional 2 days st 3TC befors harvesting. 

Effect of SSC on [L-2 reeponsweim of ret spieen rjonpAocytea. In 
the** stodiss each w*U containinr 50 ul of a lymp oocyte call suspension 
{2xl0*/ml) in media containinx 2 ME, 25 *1 of Con A (80 Mt/ml). 
vaxyinx amounts of SSC (0, 25 ml 50 al. 75 uL and lOOpl/wall), varyinc 
amounU of IL-2 (Sixma, St. Louts, MO), and varyinx amounts of media 
with 2 -ME. war* added to a total volume of 200 mL 

Stuhstit* AH data era expressed as means ± SE. SatisucaJ analysis 
was doo* with the Student's t tart, snd value* were coDaidered sixnifi- 
cant if P was leas than 0.05. 



RESULTS 

TtmpentuTt-induced effect* on Sertoli ctii cuihires. Our pre- 
vious studies demonstrated that immunological privilexa of the 
abdominal textij was tuparior to the tastis in th* scrotal posa- 
tioD- Ws reaaoDed that the difference observed could be attrib- 
uted to th* t*tnr>eraxur* environment when teatea are present 
in thea« two poaitiona. Tberefore, w*. aaked if tamperature 
affocti the production of a ruppreaaor fartoris) by Sertoli call*. 
Tha effect! of SSC obtained from Sertoli calls cuttmtd at 
diffarant Umparatures on lymphocyte proliferation are shown 
in Figure L SSC obtained from cultures maintained at 3TC 
inhibited lympbocyta proliferation in a doaw-depandent man- 
ner. The decree of inhibition with SSC obtained at TTC wax 
significantly (PO.05-0.001) peater than the inhibition of SSC 
obtained from culture* kept st 32*C at each of tha three 
different concentration* teated. 

A poeaible explanation for SSC inhibition of ryrnphocyte 
proliferation is that it could be directly toxic to the cell*. Serial 
determinations of cell viabQity Sailed to demonstrate a toxic 
effect it any of the conceatrationa of SSC used (Ti*. 2). 

Hormon£-dependena of Serum ctll cuturex. To determine if 
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Tmuwx L Temperature dependence of tbe production erf the inhib- 
itor/* by catered Sertoli ceD*. TnhihiKon of Can A-«timttl«ted spleen 
lymphocyte proluermtion by various eoncratn&om of Sertoli ceH- 
enriched madia (SSC) obtained from Sertoli celb cultnred at 32"C or 
at T7*C The vsiuae for ^-thymidine optake an plotted as mean £ 
SEM. 

the production of the suppressor facto rti) wis influenced by 
ft f^tt.r hormones, Sertoli cells were cultured in Che pretence 
of FSH, testosterone, or a combination of both. As shown in 
Figure -3, Sertoli cells produced SSC that was more immuno- 
nippreasrn than cells cultured without these hormone*. Cells 
cultured in the presence of FSH at 3TC, with or without 
testosterone, showed the greatest immunosuppression- 

Effects of preheating of SSC on lymphocyte proliferation. 
Figure 4 shows that heating SSC to 56*C for 30 nun failed to 
remove the inhibitory effect of any of the SSC tested. 

Efftct* of timing of arlriirinn of SSC on lymphocyte prolifera- 
tion. Figure 5 shows that significant suppression of lymphocyte 
proliferation occurred if the SSC was added to the cultures 
within the first 15 hi after initiation of culture. SSC added to 
the cultures between 24 and 48 hx had no inhibitory effect oo 
lymphocyte proliferation. 

KfftctM of SSC on IL-2 production. Next we asked if the SSC 
f ff— f ■ YL-2 production or IL-2 responsivenesa of T cells, or 
both. Figure 6 shows that the growth of CTLL cells was 
.»h."hit~4 in a doee dependent manner by the addition of 
supernaTtast-containinc SSC to rat spleen cells cultured with 
Con A, The values at each of the SSC doses tested were 
significantly lower than corresponding values of the control 
cultured in the absence of SSC. Lymphocyte proliferation, 
which was done in a parallel experiment, showed a limflar dose- 
depemdent pattern of inhibition by aupernatant^ntaining SSC 
(¥\g. 5). IL-2 added back to the cultures st concentrations of 
0.5 U and LO U/well failed to overcome thi inhibitory effects 
of SSC on lymphocyte proliferation (Fit, 7], 

DISCUSSION 

The basis of the present study was our observation that islet 
allografts injected into the abdominal testes of noninimunosup- 
preeeed, spontaneously diahetac BB/Wor rats not only lead to 
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FiCUIX 2. Effects of SSC on the viability of lymphocyte*. Perc 
see Tiability of Con A-etimuUtad spleen lymphocytes cultured in 
presence of various concentrationJ of Sertoli eell-enricbed media (S 
for periods ranfiof befeuii 1 and 4 days. The values are plotfe 
mean±SEM. / 
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P<0.001 v Control 
*Pc0.01 v Teste 
#P>0.05 v FSH * Tt 




SSC (100 ul/weil) 

FjCUttt 3. Hormone dependence of the production of the iohibi 
fector/f by Sertoli cells. Con A -cumulated proliferation of rp. 
trmpbocrtes entered in the presence of 100 jJ/«*U of Sertoli t 
•oricbed media (SSC). Tbe media were harvested from Sertoli c 
cultured et 37* C to tha preeence of Ham-F u oMEM, withoct eddit 
(control), in the presence of H*m-F l3 _ c >MEM euppUmented with I 
FSH sad testosterone, in the presence of Ham-F 1W >MEM sup 
meotcd with only testosterone, end in tb* presence of Ham-F lw oM 
suppkmeoted with only FSH. The value* are plotted as mean ± SI 

a reversal of hyperglycemia within 48 hr but survive ind 
nitely, in contrast to identical preparations injected into 
scrotal tastes (7). In order to examine the mechanisms 
testicular immune privilege, the present studies were desif, 
to create in vitro conditions that would mtmir those founc 
vfvo. It was postulated that Sertoli cells produce « factoT 
rectors that have the capacity to inhibit the local immi 
response — or, conversely, the factors secreted by the Ser 
call may, in some way, have altered tbe Lmmunofenicity of 
parted islet cells. 

The initial series of experiment! demonstrated that Ser 
cell -enriched media inhibit lectin -induced lymphocyte pro 
sretion in vitro. The single most striking finding of this sti 



&4S 



IL-2 Production 
Lymphocyte Proliferation 




150 



SSC ( ul/well ) 

ncuD 4. Heat atabOity of tha inhibitofy factor/i produead by the 
Sertoli all caJturac Inhibition of Coo A-«tiniuJ»tad splara lympbocyt* 
prolif»r*non in the piwaa of vuxxa coMentiatioaa of Senoli e»fl- 
esrkned media (SSC). The SSC bed bass left untreated or were 
preheated for 30 min at 56" C prior to addition to tin ryrapbocyte 
culture*. Tha valuae are aipraaaad •» mean ± SEM. 



SSC (ul/well) 
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36 
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24 

time (hrs) 

Ficy«l 5. Eff«cta of ™»mf of addition of SSC on lyinpbocyta 
proliferation. LymphocyU proliferation m the preeenea of mtdia alone 
(broken line) or in the preaance of 100 MiyWl of SSC (.olid line) added 
at different interrala after the initiation of lymphocyta curtarae. The 
Tahiee are expTaaeed at mean ± SEM. 

wo bow temperature-dependent thU phenomenon was. Thai 
media coOectad from cells maintained at 3T*C dnrinf culture 
were lipiificantly mora suppreaaiva than media collected from 
cella cultured at 3TC. Two different mechaniama may have 
been involved to explain these results— at a higher temperature 
Urttr quantities of an inhibitor may have bean made, or a 
different, but mora potent, factor was produced at a higher 
temperature. The experiments done to data cannot cUetinpiish 
between these two poaatbilitiea. It is tempting however, to 



Piouaz 8, Effact of SSC on IL-2 production and prolifemiioo of 
apWen Jympbocyt^ Rat ipiaan bmphocyt- war. atimuleted 2 
MC/ml Con Ahithepeeaepceof the mdicated concaaUaUona of S5C. 
At 24 hr aliquots of tha cottara eupernatants were reasovwi and aeaeyed 
for 1L-2 activity in a bioaaaey oainc CTIX (broken fine). IL-2 activity 
i« praaantad in triplicate ea com ni-thy»idina uptake by CTLL cells 
+ SEM. The lymphocyta eutaxrea wara allowed to incobete for an 
additional 48 hr and than pulaad with *H-tbymidii>a- ProCfaratoon of 
cpken rymphocytaa (aolid line), -aa maaaured ea mean mplicata cpo 
Tl-tbymidina uptake ± SEM. 



— Control 

~e\ IL-2 (Q.5u\ 

-A— lL-2(1.0u) 
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100 



SSC ( utfwell ) 

PiCOM 7. Raaponairmtae of apteen r^npbocyt^ to tha addition of 
exocenooa IL-t Ccn A stimulated the proliferation of spleen W**; 
cvtaa, «bich were cultured in tha preaance of SaxtoB call-anncned 
nm£* (SSO. with no &V2 eoYJad to the cultaraa (control), or m the 
pe«» of IL-2 added at a vvmto^itOSVhAvlAyMB. 
Tba valoaa art u^ta aaa d aa maan ± SEM. 

propoae that the inhibitory effects of thia fectorfe) may be 
partially responsible for the protection of islet pafts 
rejection in vivo at 37'C, and to obeerv* that even P T*senaiUred 
lympbocytax, which are able to penetrate within tha testis, are 
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nonetheleu cot able to iruuate th. rejection of islet xenografts 

"cL result* »ho-ed that the production of this factor by 
Sertoli cell, to honnon.-dependent. Of the various re^nta 
bS. both testnrterone and FSH tppai.ntly enbsx.-d the 
Scrion of the inhibitor, although FSH was dearly the more 
Zl „f the two hormone FSH at a low conceneabon 
stimulated the production of th. inhibitor even u. the .oaenee 
of added teatosterone. The*. reeulta aJao tend to confirm our 
p^c^aiion. made in vivo, which sho«d that ne,Uer 
ft. induction oor the maintenance of extended islet allograft 
functioning Leydig cells (iO). In th-e exper- 
^" ,t.. J-..—*-, r^yriij cells was used 

P^Tto'tTe tranapuTuTon'of diabetic rats. Even 
£Ller t-toauron. content d*=reas«i to castratu^veU 
l^duSasmictural atudie. confirmed the complete ebMnc. of 
Uydit cella, intnteaticuhu islet allograft. .urvrved for «x- 
Sadpmod. in nommrnuBC.uppre-ed ^P'«' ™ u < 10) . 

It U documented that FSH affect. Sertoli call function by 
biUn, to .Pacific membrane rector. (H). L^acoon of 
FSH^th Sertoli cells, moreover. i» a tamperatm^pendant 
phenomenon, with optimal binding occurring at STCand a 
sharp decline occurring at lower temperature. ( 14). Aa with 
^prX hormone FSH binding to SertoU «U °™*™<* 
^t, in an activation of adenyl cyclase and a rapid vm of 
intracellular cAMP levels {IS). In this particular context it is 
Sraat that Gonxale. et aL ( Iff) ahowed th* the prc^on 
of inhibin by iaotated eegmenu of aeraujif.rou, abule. of adult 
rat, occurred in • dc-e-dependent manner after stouUtoon 
with FSH. Furthermore, tetoateron. did not affed j^tajhB- 
him production but «u»ed an mhibition of FSH-uiduced 
^oo of mhibin at a higher do« of 10- M. fa 
^TthU report. Bardin et eL (12) demonstrated that the 
addition of FSH to Sertoli cell culture, in vtoo- to a r-p.d 
a inhibin level, in the supernatant fractal*- Inhuhm. 
either alone or in the prwaenc. of other Sertob cell aecre^ry 
{acton, may be iwponsible for the inhibition of th. local 
~un.re«pon«^ the te.ua. Although this is sn utracuve 
bypotheei., confirmation will require further invest^ioon. 
X n-chaniazn. by which the factor .ecreted by Sertoh «Ua 
inhibit lymphocyte proliferation have not been defined. One 
po»rihle explanation apparent from our obeervauon. is that 
SmoU cell-conditioned media inhibited the production of JX- 
2 in a doae-dependent manner. The addition of exogenous IL- 
2 to the lymphocyte culture, was not able to revene this 
inhibition, indicating that SSC inhibit, both 1X-2 production 
S II.2 re.ponaiv.ne. of T cells. The SSC inhibitor app-r, 
to be effective only if added during th. first 15 hr of culture 
initiation. Thia confirms that th. inhibition of lymphocyte 
prolHaration is not doe to toxicity of the SSC inhibitor. Studies 
are now in progree. attempting to isolate the unmtjno»uppre.- 



sive facton secreted by the Sertoli ceU. and to further identif 
their physiological and immunological properties. 

Ac*nou*dfm*na. W. than* K»r»n Wniuinrum "> d N "* ^ 
Miao for excellent technical ssuftanci. 
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In the present study we have analyzed the proteins secreted in vitro by murine 
Sertoli cells to identify immunosuppressive factors. Our data show that Sertoli ceils 
secete molecules capable to inhibit proliferation of lymphocytes activated in vitro. 
Cytophluorimetric analysis indicates that treated cells are arrested in the G x phase of cell 
cycle The inhibitory activity is specific for both B or T lymphocytes but not ror other non- 
lymphoid cells and is associated to proteins, heat and freeze stable, with Mr of more 
than 30 kDa. Lymphocytes treated with Sertoli immunosuppressive proteins drastically 
reduce the secretion of interieukin-2. « 1992 *c*d«uc pr««. mc. 

pd. |lf|08|W2. f. k62P~K54& (§) 

The testis has long been known as an immunologically privileged site of the body. 
Germ cells expressing auto-antigens are present in the seminiferous tubules since 
puberty (1-5) t but immune-competent interstitial cells do not show any sign of activation; 
moreover interstitial tissue can tolerate for long periods of time allo-transplants (6-8). 
Several hypotheses have been proposed to explain such peculiar behavior of the 
immune system in the testis. Among these are: the low testicular temperature, the 
presence of immunosuppressive steroids and the absence of immunocompetent cells. 
All these hypotheses, based on morpho-functiona! characteristics of the testis, have 
been considered either inconsistent or not adequate to explain the phenomenon (7, 9- 
12). As for the blood-testis barrier, which was supposed to segregate germ cells 
expressing auto-antigens, it has been shown to be incomplete in some areas (13) and 
the presence of autoantigens has been also demonstrated "outside" the barrier itself (14- 
15). Attention has therefore been directed to the identification of soluble factors 



Abb reviations : SI D , Sertoli immunosuppressive proteins; TSF-5, 
transforming growth factor-^; IL-2, i nterl eu ki n-2 ; P BS , phosphate- 
buffered saline; FSH, follicle stimulating hormone; PMA, phorbol 
1 2-myri state 13-acetate. 
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Droduced locally and having the function to prevent immune reactions. In the last few 
years some preliminary attempts have been made to achieve informations on the 
presence of immunosuppressive activity in testicular fluids or in Sertoli ceil culture media 
(16-18). The purpose of the present paper is to gain further insights into the nature ar.d 
the functional characteristics of immunosuppressive factcr(s) produced by Serrct; ceils. 



MATERIALS AND METHODS 

Sertoli cell cultures: Sertoli cells were prepared from 18-day old CD1 mice by sequential 
digestion with trypsin and collagenase (Boehringer Mannheim, Germany) as previously 
described (19). Cells were cultured at 32* C 95% air and 5% CO? in serum free MEM 
(Gibco, USA). 

Sertoli ceil protein preparation: Sertoli cells conditioned media were collected after 5 
days of culture, concentrated and desalted by Centriprep ultrafiltration devices (Amiccn, 
Danvers, Mass). The samples were first fractionated on Centriprep 30; the retentate 
containing molecules with molecular weight above 30 kDa was collected, while the eluate 
was further fractionated on Centriprep 10 to obtain the fraction with molecules ranging 
from 10 to 30 kDa. Both fractions were divided into aliquots and lyophilized. Protein 
content of the aliquots was determined by using the micro BCA assay (Pierce, Rockford). 

Preparation of splenic T lymphocytes: Spleens from adult CD1 mice were aseptically 
removed and yetiiiy dissociated in culture medium. Hed blood cells were removed by 
treatment with ACK-lysing buffer (GIBCO) and T cell isolated by incubation of the cell 
suspension on nylon wool column (Poiyscience, PA, USA) (20). T Lymphocytes, 
resuspended at 2x10 6 cells/ml in RPMI 1640 supplemented with 10% heat inactivated 
fetal calf serum, 2 mM glutamine 50 2-mercaptoethanol and 50jug/ml gentamicin, 
were stimulated to proliferate with anti-mouse CD3 mAb (21), with lipopolysaccharide 
(LPS) 10M9/ml or with PMA 10 nM and 0.3mM ionophore A23187 (Sigma St Louis, M0) 
with or without SIP, in four replicate wells. Microcultures (2 x 10 5 cells/well) were set up 
in 96 well plates (Costar, Cambridge MA), incubated for 72 h at 37* C in 95% air and 5% 
C0 2 and pulsed for the last 12 h with [ 3 H] TdR (O.^xCi/well, A.S 6.7 Ci/mmol) (NEN 
Dupont, GmbH). Cells were then harvested onto fiber glass filters and incorporated 
radioactivity measured. 

Assay of IL-2 activity: Supernatants from activated T lymphocytes cultivated with or 
without SIP were collected at different times and assayed for IL-2 activity by their ability tc 
support the growth of the murine IL-2 dependent CT4R cell line (22). 

Antibody neutralization of TGF-p-y activity: For identification of immunosuppressive 
activities related to TGF-0, SIP (4|*g/ml) was preincubated for 2 h with neutralizing 
antibodies to TGF-0 x (3fi7/well provided by Dr. Anita Roberts). The specificity of the 
antisera was confirmed by using purified TGF-^ (0.5-2.5 ng/ml). 

Cytometric analysis: Cells from replicate wells were pooled, washed and fixed (methanol- 
acetone 4:1 v/v at 50% in PBS at 10 6 cells/sample". Forward light scatter for volume and 
red fluorescence (>610 nm) of propidium iodide (50^g/ml in PBS with 100 KU/~1 
RNAase A) for DNA content analysis were measured by an EPICS 541 (Coulter, HiaJeah 
Fla.) flow cytometer. 



RESULTS 

T-lymphocytes, induced to proliferate by monoclonal antibodies to CD3 were 
challenged with proteins secreted by Sertoli cell cultures. As shown in Fig. 1, the fraction 
including Sertoli proteins with molecular weights above 30 kDa produces a marked 
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WW 10/30 kDa 
MW > X kDa 



1 2 3 

Sartotl cell proteins pgyml 



^(^^hWS!^S^^2«^- point represents the average =. 

quadruplicate samples. 



inhibition of the proliferative activity of lymphocytes, whi.e the fract,on .ncudm 
molecules wrth M.W. between 10 and 30 kDa does not inhibit ^phccyte pro Mara*,.,. 
Same results were obtained when the immunosuppressive fract,on (SIP, « added to B- 
lymphocytes stimulated to proliferate with lipopolysaccaride (Tab. 1). When tested on 
lymphoid and non lymphoid cel.s, S.P do not inhib* the prcrteraave rate of t,,e ,»L„ « 
Llred by 3 H -thymidine incorporation; instead, they potentiate the effect of serum on 
L growth of these cells (Tab. 1). Such lymphocyte specific anti-b.astic act. y , 
associated to proteins, since treatment of SIP with trypsin completely abol.sned the, 



TABLE 1 

r3 H] TdR i ncorporation by different cell types treated with SIP (Wml) 
CELL TYPES % O ^ ± C ^ OL 



PRIMARY CULTURES 

- B LYMPHOCYTES 27 (± 4) 
. T LYMPHOCYTES 25 (± 6) 

- TESTICULAR 100 (± 5) 
FIBROBLASTS 

CEIL UNBS 

- CT4R (lU-dependent) 98 (- 3) 

- CT4S dependent) 50 (= 5) 

- B9 (lL5-dependent) 65 2) 

- NS-1 MYELOMA 68 4) 

- NIH-3T3 FIBROBLASTS 150 (±7) 
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^^V^S. n f nSS? in treatI ? ent of S1P - SIP (4 M g/ml) and control medium were 
rM^T times samples were then assayed 

for their ability to inhibit the proliferation of T lymphocytes Each point re-esenis ^ 
average of quadruplicate samples. e 

Fig^. Effect of anti-TGF-^ neutralizing antibodies on the proliferation of splenccvtes 
sir, control medium, and Dunfied TGF-fl, 

anti-TGF-^ neutralizing antibodies belore'additTon^tol'he V lymph ccytes ^ the 
prolrferation assay. 3 H me 



biological effects on T and B-lymphocytes (fig. 2). SIP retain their biological activity after 
treatment at 56' C for 30' or at 100* C for 5' (not shown) as well as after repeated freeze 
thawing or lyophifization (see Material and Methods). 

TGF-^is known to be an immunosuppressive agent capable of inhibiting lymphocyte 
prolrferation (23), and evidence has been published indicating its production by Sertoli 
cells (24,25). As shown in figure 3, addition of TG F-£ 1 , to stimulated T-lymphocyte, 
completely inhibits their proliferation and such effect can be fully reverted by the addition 
of neutralizing anti-TGF-^ antibodies. Anti-TGF-^ neutralizing antibodies however, 
are not able to revert the effect of SIP on lymphocyte proliferation (Fig. 3). Pre-incubaticn 
of both lymphocytes or anti-CD3 coated culture plates with SIP, followed by washings, 
did not affect the normal proliferative pattern of the cells (fig. 4, C-D). Addition of SiP after 
3 hrs from the beginning of anti-CD3 stimulation did indeed produce inhibition cf 
proliferation as well (fig, 4 B). Experiments have been performed in which the prcirferative 
stimulus to lymphocytes did not come from surface ligands but from a simultaneous 
direct intracellular activation of PKC by PMA and an increase cf Ca' ~ levels oy 
lonophore A23187 (26). Under these conditions SIP retain their aoiiity to inhibit 
lymphocyte proliferation (fig. 5 A) also when added 3 hrs after the stimulus (fig. 5 B). Pre- 
incubation of the cells with SIP does not produce any effect. The DNA content ar.d the 
volume of the cells have been evaluated by cytometric analysis. As seen in Table 2, the 
treatment of activated lymphocytes with SIP produces a dramatic reduction in the 
number cf calls entering the S phase cf the cell cycle and an increase cf :hcse - 3< 
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Fias 4 and 5. 3 H-Tdr incorporation by splenocytes stimulated with ^mobilized bt^DS 
mSh /Pin 41 o r PMA-ionophore (Rgi). Cells have been treated as follows: A) samUus 
a^d sf^from ime 0 " B) stimu us from time 0 h and stimulus + SIP from t,nne 3 h, C) 
1?P Sm tmeTh washings and stimulus from time 3h; D) from tune 0 h w,th ant,.oD3 
mAb previously incubated for 3 h with SIP which has been removed by washings. 



Both treated and control cells increase their size during the first 44 hr of incubaton 
whereas after that time only control cells continue to grow (Tab. 2). Production of IL-2 oy 
control or SIP-treated T-lymphocytes has also been evaluated by a bioassay us;ng an IL- 
2 dependent cell line. The results shown in fig. 6 indicate that the production of IL-2 .s 
inhibited by SIP as early as 17 hours after the beginning of the treatment. 



DISCUSSION 

Our data demonstrate that Sertoli cells cultured in vitro secrete protein(s) (SIP) 
which specifically inhibit the proliferation in vitro of either T or B lymphocytes but not of 



TABLE 2 



rvtometric analysis of DNA content and volume of splenocytes in control 
Cytometric »™^gjs ^ under trea tment with SIP A^g/ml fT) 

TIME (h) VOLUME (a.u) G, (%) S (%) G ? /M(%) 

— j -c r c t — e r- 



0 74 

18 



95 4 1 

81 85 91 94 6 5 3 J 

44 104 37 60 90 35 9 5 1 

52 130 105 50 87 43 18 7 1 

70 123 106 55 80 39 18 5 2 
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Fig. 6. Kinetics of IL-2 production by lymphocytes. T lymphocytes stimulated with anti- 

CD3 mAb were incubated with (— ) or without ( ) 4^g/ml of SIP and supernatants 

were collected at the indicate time intervals. The supernatants were diluted 1/3 and 
assayed for their ability to stimulate CT4R proliferation as determined by [^H]TdR 
incorporation. Units of IL-2 are based on comparison with a standard curve with purified 
IL-2. Each point represents the average of quadruplicate samples. 

other non-lymphoid cell types tested. This inhibition is nrnhably mediated by a 
suppression of IL-2 secretion. 

These data are in partial agreement with those of Wyatt et al. (17) who, following 
some our preliminary report on the same issue (16), have described the presence of an 
anti-lymphocytic activity in Sertoli cell conditioned media. These authors however 
reported a presuntive molecular weight of 10-25 kDa for their factor (s) which suppress 
proliferation of various lymphoid and non lymphoid cell types at concentrations of 
proteins about ten times greater than those used in the present work. 

We have found that, during the process of lymphocyte activation, SIP do not act 
at the level of iigand\receptor interactions nor by altering the transduction of the 
membrane signal. SIP, in fact, maintain their activity when pre-incubated with the anti- 
CD3 mAb or with the surface of the cells and when administered to the cells 3 hrs after 
the beginning of surface stimulation with anti-CD3 mAb. Moreover, SIP inhibit also the 
proliferation of lymphocytes stimulated with PMA and ionophore, when the 
ligand/receptor binding on the cell surface and the regulation of membrane signal 
transduction have been by-passed. 

After antigenic activation T-ceils undergo morphologic changes (blastogenesis) 
that preceed the entrance in the S phase and cell division. The increase in cellular size 
during the first period of stimulation with anti-CD3 mab does not show any significant 
modification when cells are treated with SIP. This observation suggests that the 
enlargement of the cells, representing an early morphologic sign of commitment tc 
proliferation (27), is not affected by treatment with SIP. 

Following antigen stimulation, one of the fundamental steps in the activation of 
lymphocytes is the expression of the gene for IL-2. The transition from G-j into the 
replicative phases is mediated by IL-2 through an autocrine mechanism (2S). The 
receotor for IL-2 is composed of two subunits, z ar.d -2 . which can indecencentiy bind 
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IL-2 with low and intermediate affinity, respectively (29). Thus, whereas resting T ceils 
express ,0-subunit and are able to respond to very high doses of IL-2, antigenic 
stimulation results in the induction of IL-2 secretion which in turn activates the expression 
of the a-subunit and the formation of the high affinity a/p -IL-2R, enabling activated T 
celis to respond to very low concentrations of IL-2. We have demonstrated that 
lymphocytes treated with SIP show, respect to the control, a decreased secretion cf IL-2 
in the medium. The antiproliferative activity of SIP therefore seems to act through an 
inhibition of the mechanisms that activate the synthesis of IL-2. Since progression from 
G-| to S phase is mediated by IL-2, inhibition of IL-2 secretion by SIP induces arrest in 
G 1t as shown by cytometric evaluation of DNA content of the cells. These biological 
effects of SIP on target cells show striking similarities with those of known 
immunosuppressive drugs such as Cyclosporin A and FK506 (30). TGF-^ , a well 
known immunosuppressive factor (23), is produced by Sertoli cells (24) and its 
production is down regulated by FSH (25). SIP obtained from Sertoli cells treated with 
FSH, do not show any difference in their inhibitory effect on lymphocyte proliferation (not 
shown). This result indicate that the possible contribution of JGF-p ± to the 
immunosuppressive activity of SIP is not relevant. Moreover, experiments performed with 
specific anti TGF-p x neutralizing antibodies show that the immunosuppressive activity 
present in SIP cannot be referred to proteins related to TGF-^ X . We therefore propose 
that Sertoli cells can contribute to the maintenance of the immunological privilege in the 
testis by secreting in the surrounding environment specific anti-lymphoblastic protein(s). 
Further investigations on the nature of these molecules require a biochemical 
characterization of SIP that is presently in progress. 



ACKNOWLEDGMENTS 

The authors are grateful to Dr. A. Roberts (N.I.H., Bethesda) for the gift of purified TGF-B 
and neutralizing antibodies and to Dr.W.E. Paul and Ms. Watson (N.I.H., Bethesda) for 
CT4R and CT4S T-cell lines. 

The skillful technical assistance of Mr. L. Petrelli is acknowledged. This work was 
supported by Grants from M.U.R.S.T. to E.Z 



REFERENCES 

1 . Tung, K.S.K. (1980) Autoimmunity in the testis. In Immunological Aspects of 
Infertility and Fertility Regulation.(D.H. Dhindsa, and G.F.B. Shumacher, eds). 
Elsevier, North Holland, New York, 33-91. 

2 Millette, C.F., and BellvG, A.R. (1S77) J. Ceil Biol. 74,86-97. 

3 O'Rand, M.G., and Romreli, LJ. (1977) Dev. Biol. 55, 346-358. 

4 Tung, P.S. and Fritz, I.B. (1978) Dev. Biol. 64, 297-315. 

5 Tung, K.S.K, Han, LB., and Evan, A.P. (1979) Dev. Biol. 68,224-238. 

6. Head, J.R., Neaves, W.B., and Billingham, R.E. (1983) Transplantation 36,423-431. 

7 Head, J.R., and Billingham, R.E (1986) Transplantation 40,269-275. 

8 Maddocks, S., and Setcheli, B.P. (1990) J.Reprod. Immunol. 18,9-18. 

9 Niemi, M., Sharpe, R.M., and Brown, W.R.A. (1986) Cell Tiss. Res.- 243,337-3^4. 

10 Pollanen, P., and Niemi, M. (1987) Int. J. of Androl. 10,37-42. 

1 1 Pollanen, P., and Maddocks, S. (1988) J. Reprod. Fert. 82, 437-445. 

12 Grossman, C.J. (1985) Science 227,257-261. 



Vol. 186, No. 3, 1992 



BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMuni Cat . 



13. Pelletier, R.M., and Byers S.W. (1992) Microsc. Res. Tech 20 3-33 

14. Yule, T., Shepherd, K., Russet!, LD., and Tung, K.S.K. (19*87) Ann. N. Y. Acad. Sn 
513,523-525. 

15. Yule, T.D., Montoya, G.D., Russell, LD., Williams, T.M., and Tung, K.S K n~e^ 
J. Immunol. 141,1161-1167. ' K } 

16. De Cesaris, P., Rlippini, A., Setcheil, B.P., Stefanini, M., and ZIparo E (ise^ Fmf 
J. CeO Biol. 42 (16) 35a (Abstr.) v ' r 

17. Wyatt, C.R., Law, L, Magnuson, J.A., Griswold, M.D., and Magnuson N S h^R?\ 
J, Reprod. Immunol. 14,27-40. ' ' " v wCC ' 

18. Pollanen, P., Soder, 0. t and Uksila, J. (1988) J. Reprod. Immunol. 14,125-13* 

19. Khono, S.E., Ziparo, E., Marek, LF., and Tung, K.S.K. (1983) J. Reprod. Immunol. 
5,339-350. 

20. Julius, M.H., Simpson, E, and Herzenberg, LA. (1973) Eur. J. Immunol. 3.645-64Q 

21. Leo, 0., Foo, M., Sachs, D., Samelson, LE., and Bluestone J.A. (1987) Proc Natf 
Acad. Sci. USA 84,1374-1378. 

22. Gillis, S, Ferm, M. M, Lu, W., and Smith, K.A. (1978) J. Immunol. 120, 2027-2C31. 

23. Kehrl, J.H., Wakefield, LM., Roberts, A.B., Jakowlew, S.B., Alvarez, Mon, M. 
Derynck, R., Spom, M.B., and Fauci, A.S. (1986) J. Exp. Med. 163, 1037-1050 

24. Skinner, M.K., and Moses H.L (1989) MoL Endocrinol. 3,625-634. 

25. Benhamed, M., Cochet, C, Keramidas M., Chauvin, M.A., and Morera A M (1S P 8) 
Bfochem. Biophys. Res. Commun. 154,1222-1231. 

26. Tuneh, A. Albert, F., Golstein, P., and Schmitt-Verhulst, A.M. (1985) Nature 313,318- 
320. 

Q7 rVahtro Hi D MQCO\ C^;«««^ n^o ncr 

28. Cantrell, D.A., and Smith, K.A. (1984) Science 224, 1312-1316. 

29. Femandez-Botran, R. (1991) Faseb J. 5,2567-2574. 

30. Schreiber S.L, and Crabtree, G.R. (1992) Immunol.Today 13,136-142. 




EXHIBIT I 



Ctil Transplantation, Vol. 2, pp. 123-129. 1993 
Pnnted in the USA. All ngAu reserved. 



0963-6897/93 S6.00 * 00 
Copyright © 199] Pcrpamon Press Lid 



Original Contribution 



SERTOLI CELL-ENRICHED FRACTIONS IN SUCCESSFUL ISLET 
CELL TRANSPLANTATION 

H.P. SELAWRY*t AND D.F. CaMEROKJ 

•Department of Veterans Affairs Medical Center, Memphis, TN, and Department of Medicine, 
University of Tennessee, Memphis, TN 38104 USA, and 
^Department of Anatomy, University of South Florida, Tampa, FL USA 



□ Abstract - Prolonged survival of Islet- alio- and xeno- 
grafts can be induced following implantation of the islets into 
the abdominal testis of diabetic rats. We previously showed 
that a factor released by Sertoli cells appears to be responsi- 
ble for the protection of the intratesticular islet alio- and xe- 
nografts against rejection. The aim of this study was to 
examine whether an immunologically privileged site can be 
established in an organ she in vivo, other than the testis, such 
as the renal, subcapsular space, to make feasible the graft- 
ing of female recipients as well. A total of 36 male and 21 
female, diabetic, PVG rats were divided into six different 
treatment groups: 1) Six male rats were grafted with islets 
from Spragne-Dawley (S-D) donor rats only. 2) Ten male rats 
were grafted with islets from (S-D) d onor s and were then 
given a short course of cyclosporine ( CsA) posttranspla nta- 
tion. J) I en male ralfl W«C gnilUHl Willi islets from (S-D) do- 
nors and with Sertoli cell-enriched fractions (SEF) from PVG 
donors but without CsA. 4) Ten male rats were grafted with 
a combination of islets from (S-D) and SEF from (PVG), do- 
nors, respectively, and CsA. 5) Ten female rats were given 
an identical combination of cells and CsA as depicted for 
group 5. 6) Ten female rats were grafted with a combination 
of islets and SEF, both cell types from S-D donors, and CsA. 
The results showed that 70<7o to 100% of the grafted rats in 
groups 1. 2, and 3 remained hyperglycemic. Prolonged nor- 
moglveemia in excess of 100 days was induced in more than 
75% of the grafted rats only in groups 4, 5, and 6, or in those 
animals who were grafted with a combination of islets and 
SEF and who were given a short course of CsA as well. Dec- 
tron microscopic examination of the grafted tissues showed 
the presence of intact beta cells and of cells with features 
characteristic of Sertoli cells. Our results suggest that 1) the 
protection of islet allografts in nonimmunologically privi- 
leged site can be achieved in male and female rats by means 
of the simultaneous transplantation of Sertoli cells. 2) Ser- 
toli cells apparently maintain the capacity to secrete an im- 
mune inhibitor in organ sites other than the testis. We 
conclude that itjgjeasible to create an immunologically priv- 
ileged site for the transplantation of isolated islets in male 
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and female diabetic recipients without the need for sustained 
immunosuppression . 

□ Keywords - Sertoli; Allograft; Immunologically privileged. 

INTRODUCTION 

Several immunologically privileged sites in mammals 
sometimes allows prolonged survival of transplanted 
allografts (1). The immunologically protective mech- 
anisms of the brain and anterior chamber of the eye 
seem to involve primarily deficient lymphatic drainage 
(2). Indeed, in some instances, experimental interrup- 
tion of lymphatic drainage in tissue has created an im- 
munologically privileged site (3). In contrast, the testis 
(also a privileged site), has excellent lymphatic drain- 
age (4). It is likely that locally produced factors are re- 
sponsible for inhibition of the immune response (5). 

We previously showed that extended survival of islet 
alio- and xenografts can be achieved after transplan- 
tation of isolated pancreatic islet cells into the abdom- 
inal testis (6-8). The donor origin of these isolated cells 
does not seem to influence their long-term survival. 
Islet cells grafted against major histocompatibility 
(MHC) barriers (6), islet xenografts (7), and islets of 
MHC-compatible donors grafted into the testes of 
rats with autoimmune, spontaneous diabetes mellitus 
function indefinitely in diabetic recipients (8). How- 
ever, despite remarkable preservation of function in 
abdominal, intratesticular islet allografts, there are 
drawbacks associated with the use of an unconven- 
tional organ site. A major concern is that the germ cells 
may undergo a malignant transformation at the higher 
core body temperature (9). More importantly, because 
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only males have Sertoli cells, this transplantation ap- 
proach cannot be used in that half of the population 
which is female. 

Because of these objections, and because of the ob- 
servations that cultured Sertoli cells produce a factor 
which inhibits the production of IL-2 in vitro (10), 
studies were initiated in an attempt to create an immu- 
nologically privileged site in a heterotopic site, in vivo, 
other than the testis. In the present study we investi- 
gated the effect of Sertoli cell-enriched fractions (SEF) 
transplanted in conjunction with isolated islets on is- 
let allograft survival in the renal subcapsular space of 
diabetic rats. 

MATERIALS AND METHODS 

Animals 

PVG rats, weighing between 150-200 g, were used 
exclusively as recipients of islets. Diabetes was induced 
by means of a single i.v. injection of 65 mg/dL of 
streptozotccm. Only rats with plasma glucose levels in 
excess of 400 mg/dL were transplanted. Sprague- 
Dawley (S-D) outbred rats were used as islet donors. 
Either PVG or S-D male rats between 16 and 18 days 
old were used as Sertoli cell donors. 

Islet Preparation 

Islets were prepared according to modification of the 
method of London et al. (11), described in detail else- 
where (6). The islets were purified on Ficoll gradients, 
and the isolated cells were then incubated for 4 days 
at 37°C in a humidified atmosphere of 5°7o CO : and 
air prior to use (6). No special efforts were made to de- 
plete the islets of contaminating passenger leukocytes. 

Sertoli Cell-enriched Fraction Preparation 

Highly purified preparations of Sertoli cells were iso- 
lated from the testes of young males according to the 
method of Cheng et al. (12). The testes were removed, 
chopped into several pieces, and placed in a 50 mL 
conical tube containing 50 mL of Ham's F12/DMEM 
media. The pieces were washed once by centrifugation 
at 800 x g for 2 min. The supernatant was aspirated, 
and the tissue resuspended in 40 mL of media contain- 
ing 40 mg trypsin anc * 0.8 mg DNase in a sterile 250 mL 
Erlenmeyer flask. The flask was placed in an 37°C 
oscillating incubator at 60-90 osc/min for 30 min. This 
step removed Leydig cells. The tubules were then trans- 
ferred to a 50 mL conical tube, and centrifuged at 
800 x g for 2 min. The supernatant fraction was aspi- 
rated, and the pellet resuspended in 40 mL of 1 M gly- 
cine, 2 mM EDTA containing 0.01 soy bean trypsin 
inhibitor and 0.8 mg DNase, and incubated at room 
temperature for 10 min. This step lysed any residual 
Leydig cells. The cells were washed by centrifugation 
for 2 min, and the step repeated twice, or until the 



media was no longer cloudy. The pellet was resuspended 
by gentle homogenization with a glass Pasteur piper 
in 40 mL of media containing 20 mg collagenase in 
an Erlenmeyer flask, and incubated at 3 no C for 5 min 
with 60-90 osc/min. The cell suspension was centri- 
fuged at 800 x g for two min, and the pellet resuspended 
by gentle homogenization with a Pasteur pipet in 40 mL 
media containing 40 mg collagenase and 0.2 mg DNase, 
and incubated in an Erlenmeyer flask at 37°C for 
30 min with 60-90 osc/min. The cells were then washed 
by centrifugation for 2 min, and the process repeated 
at least three times to eliminate peritubular cells. The 
cells were resuspended by gentle homogenization with 
a Pasteur pipet in 40 mL media containing 40 mg hy- 
aluronidase and 0.2 mg of DNase, and incubated at 
37°C for 30 min with 60-90 osc/min. The cells were 
pelleted by soft centrifugation for 2 min, and washed 
at least five times to eliminate germ cells. The resultant 
SEF was resuspended in 0.25 mL of media, and imme- 
diately transplanted into the recipient rat. Each grafted 
rat received the equivalent of the total amount of Ser- 
toli cells contained in a single testis. 

Transplantation of Rats 

The diabetic rat was anesthetized with methoxyflu- 
rane USP in a sterile hood and the left flank opened 
to expose the kidney. The SEF was injected first un- 
derneath the renal capsule. The cells could be seen as 
a milkish bubble underneath the capsule. Immediately 
afterwards, a total of 10 islets/g of body weight was 
injected into the same milkish bubble. The needle was 
retracted slowly to prevent leakage of the grafted cells. 
Cyclosporine (CsA) was administered s.c. in varying 
doses over a 20-day period to groups two and four. Be- 
cause the grafted rats responded similarly whether the 
drug was administered over a 20-day, or over a 3-day 
period, all of the subsequent groups, including the fe- 
male rats, were treated with only three injections of 25 
mg/kg CsA, given on days 0, +1, and +2, relative to 
the graft. The rats received no other therapy. 

A total of 36 male and 21 female PVG rats were di- 
vided into six different treatment groups: Group 7, the 
control group, consisted of 6 male rats grafted with 
only islets from S-D donor rats. They received neither 
SEF nor CsA. Group 2 consisted of 10 rats grafted 
with a combination of islets from S-D rats and CsA 
posttransplantation, but no SEF. Group 3 consisted of 
a total of 10 rats grafted with a combination of islets 
from S-D and SEF from PVG donor rats, but no CsA 
posttransplantation. Group 4 consisted of 10 rats 
grafted with a combination of islets from S-D donors, 
SEF from PVG donors, and CsA posttransplantation. 
Group 5 consisted of 1 1 female rats grafted with the 
same combination of cells as depicted for Group four. 
Group 6 consisted of 10 female rats grafted with a 
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combination of islets and SEF, both cell types from 
S-D donors, and CsA posttransplantation. 

Posttransplantation Evaluation of Rats 

The grafted rats were transferred to metabolic cages, 
and plasma glucose levels were obtained at weekly in- 
tervals. Urine volumes and urine glucose contents were 
obtained at daily intervals. A rat was considered cured 
of the diabetic process if the following criteria were 
met: A random plasma glucose level £ 150 mg/DL; 
aglycosuria; and immediate reversal to hyperglycemia 
following surgical removal of the grafted kidney. 

To determine if any of the rats had become unre- 
sponsive to their grafts, normoglycemic rats were chal- 
lenged with a secondary islet allograft consisting of at 
least 500, freshly prepared, Sprague-Dawley islets 
which were injected into the contralateral renal subcap- 
sular space. No immunosuppression was given follow- 
ing the challenge. 

To examine the impact of the transplantation nf SEF 
on fertility of the female rats, normoglycemic animals 
of longer than 30 days were mated with PVG males. 
Metabolic parameters, as outlined above, were closely 
monitored, as was the course of their pregnancies. 

Structural Analysis of Grafted Tissue 

A total of five successfully grafted rats were ne- 
phrectomized at intervals following transplantation. 
Wedge sections of renal tissue, obtained from sites at 
which islets and SEF had been injected, were prepared 
for examination by light and electron microscopy, as 
previously described (15). Briefly, the tissue wedges 
were immersion-fixed with 5°Jo glutaraldehyde in 0. 1 M 
s-Coilidine buffer for 1 h, washed in buffer, and post- 
fixed for 1 h with 1% osmium tetroxide in 0.1 M 
buffer. Small tissue blocks were cut from the wedges, 
and dehydrated through a graded series of ethyl alco- 
hols, transferred to propylene oxide, and embedded in 
Epon 812/Araldite plastic resin. Thick (0.5 /im) and 
thin (900 ng) sections were stained routinely with to- 
luidine blue and uranil acetate/lead citrate, respec- 



tively, for structural analysis by light and electron 
microscopy. 

RESULTS 

The results are summarized in Table 1: 

Group 1: None of the six rats grafted with islets aione, 
without either SEF or CsA, became normoglycemic. 

Group 2: Three of 10 rats grafted with islets and 
treated with CsA became normoglycemic for more 
than 100 days. The 3 normoglycemic rats were chal- 
lenged with a secondary graft on days 116, 192, and 
197, respectively. One rat reverted to hyperglycemia on 
day 130, while 2 remained normoglycemic. 

Group 3: Initially 6 of the 10 rats grafted with islets 
and SEF, but no CsA, became normoglycemic, but all 
of them reverted to hyperglycemia by day 14. 

Group 4: All 10 of rats grafted with a combination 
of SEF and islets, and also given CsA became normo- 
glycemic. Two reverted spontaneously to diabetes on 
days 19 and 76, respectively, Three were nephrecto- 
mized on days 58, 84, and 167 following transplanta- 
tion. All 3 of these rats became hyperglycemic within 
the next 24 h. The remaining 5 rats were challenged 
with a secondary islet allograft on days 1 19, 129, 280, 
342, and 400, respectively. Of these, the first 2 reverted 
to diabetes on day 127 and 139, respectively, while the 
latter 3 remained normoglycemic. 

Group 5: All 11 of the female rats grafted with a 
combination of islets and SEF, and then given CsA, 
became normoglycemic. Of these, 4 reverted sponta- 
neously to hyperglycemia by day 28. Of the 7 normo- 
glycemic rats who were mated with male PVG rats, 6 
became pregnant, and of these, 8 had litters varying be- 
tween 1 and 10 pups. They were able to nurse the pups 
successfully. A total of 7 of the long-term surviving fe- 
males were challenged with secondary islet allografts 
at least 200 days following transplantation. None of 
them reverted to hyperglycemia. 



Table 1. 


Effect of Sertoli cells on islet allograft survival 


in the non-immunologically privileged renal, subcapsular site 






Sertoli cell 




Duration of normoglycemia (days) 


Group {n) 


Gender 


(donor origin) 


CsA 


Individual responses 


1 (6) 


male 






0,0,0,0,0,0 


2 (10) 


male 






0,0,0,0,0,0,0,1 30, >441,>445 


3 (10) 


male 


+(PVG) 




0,0,0,0,9,10,12,13,13,14 


4(10) 


male 


+ (PVG) 




19,76,58*,84*,167*,I27+,139 + ,>418 + .>422 + .>425 + 


5 (11) 


female 


+ (PVG) 


+ 


7Jl,14,28,>287t,>305t>306t,>308t,>441 + ,>447\>45~ f 


6 (10) 


female 


+ (S-D) 




8, 10, 96*, 128*, > 168, > 1 72, > 1 84, > 193, > 193. > 196 



•nephrectomized, "^challenged with a secondary islet allograft. 
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Group 6: Of the 10 rats grafted with islets and SEF 
from the same donor strain of rat, all 10 became nor- 
moglycemic. Two reverted to hyperglycemia by day 10. 
A nephrectomy to remove the graft was done on 2 of 
the long-term surviving rats on days 96 and 201, re- 
spectively. Both reverted to hyperglycemic immediately 
within the next 24 h. 



Tissue Morphology 

Renal tissue obtained from the long-term grafted 
kidney appeared structurally normal by light micros- 
copy (Fig. 1). Transplanted islets in this organ were 
immediately subjacent to the kidney capsule, and also 
appeared structurally normal. They displayed tissue 
and cellular architecture identical to islets in situ (Fig. 1). 
Individual islet cells were partitioned into cell clusters 
by thin connective septa containing small vessels and 
capillaries (Fig. 1). It appeared that most of the islet 
cells contained secretion granules. When resolved by 
electron microscopy, islet cells were identified as the 



0-cell type by the inclusion of ultrastructurally distinc- 
tive, and unique insulin-containing secretion granules 
(Fig. 2). All /3-celI clusters observed were in close prox- 
imity to intra-islet capillaries (Fig. 2). 

There was a high density of cells between, and di- 
rectly adjacent to, the transplanted islets and renal pa- 
renchyma. By light microscopy, they did not appear 
to be islet cells, kidney cells, nor cells of blood origin 
(Fig. 1). When observed by electron microscopy, these 
cells were similar in ultrastructure to Sertoli cells in that 
their nuclei were irregular in profile, and contained 
deep nuclear clefts, distinctive nucleoli were often 
present, and mitochondrial structure was dense. Al- 
though these cells did not retain the typical polarity of 
Sertoli cells in vivo, they were, however, identical in 
appearance to Sertoli cells in vitro, when the cells are 
not plated on a basement membrane substrate (33,34). 
The cells were not associated with a basement mem- 
brane, and appeared randomly organized (Fig. 3). 
Cells showing ultrastructural features of either germ or 
Ley dig cells were not observed. 



r 



Fig. 1 . Normal pancreatic islets of Langerhans (IL), along with isolated rat Sertoli cells, were transplanted into the subcapsular 
space in the kidney of diabetic rats. As illustrated in this light micrograph, islets appear structurally normal, and are well- 
vascularized as indicated by the numerous intra-islet capillaries. The kidney parenchyma (K) also appears normal. Between 
the islet and renal tissue there is a high density of cells (S) which do not appear to be of islet, renal, or blood origin. Tissue 
was stained with toluidine blue. x430. 
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Fig. 2. This electron micrograph shows, at higher magnifi- 
cation, an individual cell within the transplanted islet. Note 
its close proximity to an intra-islet capillary (R = red blood 
cell). The unique ultrastructure of its numerous insulin secre- 
tion granules (arrows) clearly identifies this cell type as a 
p-ceii. x 6,446. 



DISCUSSION 

The data reported here show that isolated Dancxcaiic 
islets, transplanted simultaneously with SEF into the 
renal subcapsular space of MHC-incompatible donor 
rats, leads to protection of the islets against immuno- 
logicardestructibn. Moreover, in the presence of a 




Fig. 3. This electron micrograph shows, at higher magnifi- 
cation, the fine structure of the extra-islet cells labeled M S M 
in Fig. 1. Both the cell nucleus (N) and cytoplasm are simi- 
lar in appearance to Sertoli cells in vivo, and are structurally 
identical to Sertoli cells in vitro. R = red blood cell. x3,280. 



minimal amount of CsA, the data show that the rats 
are capable of developing a state of unresponsiveness 
or tolerance to their grafted islets that lasts indefinitely. 

A number of mechanisms could be envisioned for 
the prolonged survival of islet allografts under these 
circumstances. First, despite the fact that special pre- 
cautions were taken to transplant preparations consist- 
ing solely of Sertoli cells, these cells may, nonetheless, 
have been contaminated with either germ, or with Ley- 
dig cells. It has been demonstrated that sperm and sem- 
inal fluid suppress phytolectin-induced cell-mediated 
responses (13). Likewise, others have shown that Ley- 
dig cells nonspecifically inhibit lymphoproliferation, 
in vitro (14). We consider this an unlikely explanation, 
however, since our earlier studies have demonstrated 
that the destruction of either germ and/or Leydig cells 
in vivo does not prevent the long-term survival of in- 
tratesticular islet allografts (15), and because no such 
cell types were observed in the present study. Likewise, 
testicular steroidogenesis was shown not to he a pre- 
requisite for the protection of intratesticular islet allo- 
grafts against rejection (16). 

Results suggest, rather, that the presence of the 
g rafted Se rtoli cells, per se. may have had an impact 
or) the local immune response. Sertoli cells are respon- 
sible for the synthesis of many different protein sub- 
stances, some of which promote growth (17,18), and 
others which have immunosuppressive capabilities 
(19). We have previously shown that cultured Sertoli 
cells produce a factor which inhibits Con-A stimulated 
lymphocyte proliferation in a dose-dependent manner 
(10). In this earlier study, lymphocyte proliferation was 
suppressed, and associated with an inhibition of the 
lymphokine interleukin-2 (IL-2). It is widely acknowl- 
edged that all proliferating T-celis express IL-2 recep- 
tors, while resting cells do not, and that interaction of 
IL-2 with its receptor is an absolute requirement for the 
clonal expansion of activated T-cells (20). Because the 
prevention of IL-2 receptor interaction completely in- 
hibits T-cell proliferation, we propose that both clonal 
expansion and viability of activated T-cells are sup- 
pressed by an immunosuppressive Sertoli cell secretory 
product (20). 

If our premise is correct, then the most puzzling 
finding of the present study is the observation that 
trans plan tation of islets with SEF alone was not suf- 
jidenuto _protect_tBe grafts against immunologic de- 
struction. For successful transplantation, the grafted 
ra tfi r p q T " r ^ a n p_fjHiHnnal short cours e of CsA ther- 
jipy. In effect, CsA proved to be a much more potent 
protector of the islets against rejection than did the 
SEF. For instance, in the control Group grafted with 
islets alone, but who were given CsA, graft survival oc- 
curred in 30% of the recipients (Table 1, Group 2). On 
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the other hand, in rats transplanted with islets and SEF 
alone, but without CsA, the grafts did not do nearly 
as well (Table 1, Group 3). In rats receiving both SEF 
and CsA, however, the cure rate was quite high, and 
about 70°/o of the grafted rats became normoglycemic 
for longer than 200 days (Table 1, Groups 4-6). We 
conclude from these findings that the simultaneous 
presence of SEF and CsA exerted synergistic effects es- 
sential for long-term islet allograft survival in the rat 
kidney. 

At present we can only speculate on the mechanism (s) 
of this apparent synergistic effect. It is conceivable that 
the presence of SEF, or a factor produced by these 
cells, protected the islets against the toxic effects of 
CsA. It has been suggested that CsA may be directly 
toxic to 0-cells (21,22). We regard this as an unlikely 
explanation. Results of a previous study have showed 
that /S-cell function is not adversely affected in rats 
transplanted with islet xenografts which were treated 
with CsA for 100 days (7). Furthermore, in the present 
study the majority of rats were treated with only three 
injections of CsA, and this dose is unlikely to have 
been damaging to the islets. 

A more likely explanation is that an immunosup- 
pressive SEF secretory product, or products (20), en- 
hanced, or augmented, the effects exerted by CsA on 
the immune response. CsA therapy is known to have 
a major impact on the immune response by means of 
several different mechanisms. First of all, CsA-induced 
effects result in a marked suppression of the produc- 
tion of the lymphokine, IL-2, and subsequently, a de- 
struction of specific clones of proliferating cytotoxic 
T-cells (23-26). This effect would be similar to that 
caused by the proposed immunosuppressive Sertoli cell 
factor, as indicated in our earlier study (20). CsA has 
other modes of action, however, which are quite dis- 
tinct from that mediated by the Sertoli cell. For exam- 
ple, CsA does not modify IL-2 receptor activity or 
expression, whereas the immunosuppressive Sertoli cell 
factor acts like a fusion protein to inhibit IL-2 receptor 
activity (20). More importantly, however, the treat- 
ment of grafted animals with CsA often leads to the 
induction of a state of specific tolerance or unrespon- 
siveness to allografts (27-30). 

Based on the results of this and our previous stud- 
ies, we can now propose a likely mechanism for the 
synergistic effects of CsA and Sertoli cells on islet al- 
lograft survival: In the presence of both immunosup- 
pressive components, there is a marked depletion of 
IL-2 production and blockage of IL-2 receptor activ- 
ity resulting, therefore, in the ablation or significant 
reduction of proliferating cytotoxic T-cells. Prolonga- 
tion of islet allograph survival is induced either by a 
clonal deletion of T-cells, or by the activation of a spe- 
cific suppressor T-cell population (29,30). In this re- 



spect, it is of interest to note that others have induced 
a similar immune defect (i.e., suppression of rejection) 
for the protection of grafts such as the pancreatic is- 
let (31) and the heart (32) by treating recipient animals 
with a combination of an IL-2 antireceptor monoclo- 
nal antibody and CsA. 

The importance of the present study relates to the 
likelihood that this approach to islet transplantation 
may also be applicable to the grafting of humans, and 
in particular, of both sexes. Aside from the effects of 
the immunosuppressive Sertoli cell factor on the im- 
mune response, it is encouraging to find that the effect 
occurred independently of the donor origin of the SEF. 
The results appeared to be the same whether the SEF 
donor was MHC-compatible with the host rat or not 
(Table 1, Groups 5 v. Group 6). The fact that SEF need 
not be MHC-compatible with the host greatly enhances 
the clinical applicability of this transplantation proto- 
col. To this end, our investigation seeks to determine 
whether pre-incubation of Sertoli cells, nrinr to Trans- 
plantation, alters the marked beneficial effects of the 
freshly collected SEF on islet allograft survival. Clearly, 
it would be more practical if cultured preparations 
could be used instead of dealing with primary cell iso- 
lation for each transplantation event. We are currently 
determining the success and efficacy of islet/SEF 
transplantation into other organ sites in both male and 
female rats. 

In summary, we have shown that it is possible to cre- 
ate an immunologically privileged site in an organ 
other than the testis by means of the transplantation 
of SEF along with the islets. Indefinite islet allograft 
survival in the renal subcapsular space required, in ad- 
dition, a short course of CsA therapy, although sus- 
tained immunosuppression was not essential. The data 
indicate that the SEF, and most likely Sertoli cells (10), 
retain the capacity to secrete an immunosuppressive 
factor(s) in an organ site other than the testis, and that 
the presence of these secretions were neither andro- 
genic nor inhibitory to ovulation in female rats. This 
was demonstrated by the ability of grafted female rats 
to carry pregnancies to full term and to nurse their 
pups successfully. 
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Pancreatic islets, isolated from neonatal pigs, and Sertoli cells, isolated from prepubertal rats, were cncultured in 
simulated microgravity utilizing the NASA-developed highly accelerating, rotating vessel CHARY i bmehamber. Following 
5 d of incubation, three-dimensional Sertoli-islet cell aggregates (SICA) retained the ability to secrete insulin when 
exposed to elevated glucose. SICA contained FasL-positive Sertoli cells and insulin-positive p-cells randomly organized 
within the spherical construct. The addition of 19c Matrigel induced the reorganization of aggregates (SlCAs formed in 
the presence of MaLrigel fSICAmgs]) showing the peripherialization and epiLhelializalion of Sertoli cells and the central- 
ization of islets in association with lumen-like spaces. The Sertoli cells, but not Matrigel, aided in preserving the structural 
integrity of H ARV-incubated islets. Neither Matrigel nor Sertoli cells appeared to interfere with the ability of SICA or 
SICAmg to secrete insulin and express FasL. 

Ker words: tissue constructs; transplantation; local immunoprotection; trophic support; diabetes. 



Introduction 

Pancreatic islet transplantation therapy has received a great deal 
of attention both in animal models of diabetes (Horaguchi and Mer- 
rell, 1081; Calafiore el a!., 1990; Evans el aL 1990; Kaufman el 
al., 1090; Kneteman et al., 1990, Thompson and Mandel. 1990; 
Richburg el al., 1999) and in humans (Cray et al., 1984; Korbutl 
el al.. 1997; Kuhn et al.. 1985; Kneteman and Rajntle, 1986; Ald- 
erson el al. 1987; Scharp el al.. 1987; Scharp, 1988; Wamock el 
al., 1988. 1989; Ricordi el al.. 1989; Shapiro el al.. 2000), and 
offers hope for the long-term alleviation of diabetic symptoms. Most 
of the islet-transplantation protocols reported, however, have met 
with little success as viable treatment for this devastating disease 
(Naji et al.. 1981; Wermger and Like. 1985: Prowse el al., 19861. 
One significant and notable exception is the recent report of suc- 
cessful human islet transplantation achieved in svstemicallv im- 
inunosuppressed patients with type 1 diabetes (Shapiro et al., 
20(H)!. The most desirable treatment option, however, would provide 
the diabetic recipient with a long-term endogenous source of insulin 
derived from nonhuman islets. The major weakness ot tins approach 
is the need for continuous systemic immunosuppression and trophic 
support of the grait. 

In the course of finding a suitable organ or tissue site lor islet 
transplantation, it was discovered that the relocated abdominal tes- 
tis provides an extraordinarily safe environment for extended sur- 
vival of islet grabs and some relief from diabetic complications 
iWmtmore and Ciltles. 1978; Seiawrv et al.. 1985. 1980. P>87. 
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1989). It is now clear that the immunosuppressive and -upportive 
properties exhibited by the abdominal testis are generated :>\ bit 
organ's Sertoli cell population (Cameron et al., 1990; N*]awr\ and 
Cameron, 1993) and have, therefore, been utilized in cntran-piati- 
lalion protocols to facilitate the success of islet engraft ment (Selawn 
and Cameron, 1993). The salient features ol lermmallv diflerenl;- 
ated Sertoli cells that make them potentially significant transplan- 
tation facilitators are: (1) they do not express histoeomp.it ihn iC 
complex (MHC) class I nr II antigens on their cell surface- iPnl- 
lanen et al., 1988), (2l they secrete and/or express It opine .ir.d 
immunosuppresanl factors ('Selaury el al.. 1991; HeCe-art- c! a!.. 
1992; Skinner. 1993; Bellgrau el al.. 1 ( >05i. (3) ibev are inilolicall' 
quiescent (Gondos el al.. 1993]. and '4) <mce thev lne lor the lite 
of the donor (Hardin et al.. 1988)). lhe\ ma\ survive for the lite h! 
the recipient host itherebv providing long-term immtmf >p: oiee; p,,-. 
and trophic support for the transplanted tissue or cells!. 

Although Sertoli cell- appeal In support isolated islet- ■ ^e,aw i ■. 
el aL, 1996> and to immunoprolecl isiel grails a- well as mi^:,' he 
expected when using svslemic immunoproleet ion. there _ire iciep-r.; 
problems limiting the usefulness of this lacihtalion pinleeol. n - 
eluding the difficulty in utilizing tinman isolates and hie maPKi! 1 . 
to insure the obligatory close proximitv of tlic two cell tv pe- toliou 
ing transplantation. 

In order to overcome these limitation--, it would be brne:ieia; in 
have a transplantable, v iable, iissue-hke aggregate rnmpo-eb <>: >e: 
tub cells and islets in which the thlferent cell Ivpe- iciain l.'ieii 

differentiated function: that ir-. norma, insulin seeietuu. in p-cc..- 

of the islets and immunoproteetior. and trophic -i;pport in li.r .^e:- 
lob cells. 

In thi- report, we de-enbe [he ti-sue engineering, the :r.i m pi :r > i< >g > 
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and the functional assay of a Sertoli-islel cell aggregate (SICA) 
created by simulated microgravity coculture utilizing the NASA- 
developed rotating wall bioreactor. 

M.ATKKIALS AM) Mf-THODS 

Sertoli cell*, wer^ isolated from the testes of Sprague-Dawiey (16-19-d-old) 
rats, and pancreatic islets were harvested from neonatal farm pigs. Isolated 
and pretrealed Sertoli cells and isolated, and preincubaied islets were co- 
cultured in simulated microgravity for 5 d, after which the resulting SICA 
were washed, exposed to elevated glucose, and then fixed and processed for 
morphological analysis and immunodetection of CD-95 (EasL) ligand and 
insulin Some SICAs were utilized in a lymphocytic proliferation assay (data 
not presented). 

Media. All media in this project were prepared immediately prior to use. 

Sertoli maintenance medium (SMM) was prepared as follows. Dulbecco 
modified Eagle medium/Ham's F12 nutrient medium (GIBCO BRL, Grand 
Island, NY) was supplemented with retinol (100 u.1/100 ml medium; Sigma 
Chemical Co.. St. Louis, MO), insulin transferrin selenium (ITS) (100 
O.I/I00 ml medium; Colluborative Biomedical Products), sodium bicarbon- 
ate as per instructions, and gentamicin sulfate (Sigma). 

Islet maintenance medium (IMM) was prepared with Ham's F10 nutrient 
medium (GIBCO BRL) supplemented with bovine serum albumin (500 
mg/100 ml medium, fraction V, Sigma), L-glulamine (2 mAf, GIBCO BRL). 
h-ghicose (J mM, Sigma), isobutytmethyixamhane (0.05 mm, Sigma), nic- 
otinamide (10 mhf; Fisher Scientific, Pittsburgh, PA), sodium bicarbonate 
(100 u.1/100 ml medium, GIBCO BRL), and gentamicin sulfate (Sigma). 

For the preparation of incubation medium (IncM), the medium utilized 
in simulated microgravity incubation in the highly accelerating, rotating 
vessel (HARV) bioreactor was the SMM with or without 1% Matrigel (Col- 
laborative Biomedical Products, Bedford. MA). Glucose challenges were 
performed in SMM not containing ITS. 

Isolation and preirealmenl of Sertoli cells. As previously described, de- 
capsululed rat testes were subjected to sequential enzymatic treatment al 
.'17° C using 0.25% trypsin (Sigma) and 0.1% collagenase (Sigma, type V) 
(Cameron et al.. 1987). The resulting Sertoli cell aggregates, harvested from 
20 rats, were distributed in a volume of 50.0 ml of SMM into T150 tissue 
culture flasks (Costar. Cambridge, MA). Plated Sertoli cell aggregates were 
incubated in SMM al 39° C in 5% C0,/95% air for 48 h. after which they 
were subjected to hypotonic treatment with sterile 0.5 mM Tns-HCl buffer 
for 1 min to expedite the removal of the contaminating germ cells (Galdien 
el al., 1981). Following two washes with SMM, the tissue culture flasks 
were replenished with fresh SMM and returned to the incubator al 37° C 
m 5% COj/95% air. The resulting pretreated Sertoli-enriched monocultures 
contained greater than 9 5 Of Sertoli cells. The plating density (<2.0 X ]{*■ 
Sertoli cells/cm 1 ) did not result in a confluent monolayer of cells. 

Isolation and pre treatment of pancreatic islets. Islet isolation was modified 
from a previous report (bindon el al.. 1990). The pancreas was surgically 
removed from neonatal (2-4-d-olc) piglets, washed |3X) in Hank's balanced 
salt onlutinn (HRSS), and then minced prior to incubation in 0.20% colla- 
uenase [Sigma, type IV) for 17 min. The digested tissue was shaken gently 
for 1 min, washed (3x HBSS), and pushed through a 50-u.m metai sieve. 
The isolated islets with attached pancreatic exocrine cells were washed ( 3 X 
HBS at unit graviivl and resuspended into 100 ml of IMM. These islets were 
incubated in IMM al 38 c C and 5% C0J ( J,"i% air for ( > d, replacing media 
even -V8 h. in expedite the gentle removal of the contaminating exocrine 
tells, while maintaining the structural integrity oi the islets. The resulting 
i*le! culture wa- washed (3X IMMi to yield pretrealed islets suitable for 
coculture with the pretreated Sertoli cells. There were less than 5% exocrine 
cells present, and there was greater thai ( >7% islet cell y lability 

liability, fi-cell statninp, and coculture. Immediately prior to coculture. 
cellular viabilit\ was estimated by the vital dye exclusion of Try pan blue in 
the pretreated Sertoli cells and the preincubaied islets. The presence of fi- 
celle- was determined by d iphen vlthiocarbo7one (DTO. Islets from one half 
of a pancreas lapprov 15 X 1(V islet*' were incubated alone or combined 
with >e-rtn1i cells from three rat pups upprox. 00 x 10' cells i in a volume 
of 10 ml of IncM. and placed in a 10-m! H \RY rotating wall hiochamber in 
the mcuhaio' at 57 f C and 5^Ciy ( >5% air. HARV Sertoh-idet coculture* 
nr H\RV monocjllure- li e., i-lels alonei were incubated for up lo ! 1 d with 
j rhangr of medum. after ■U'-b incubation, and a- needed thereafter in main- 



tain normal pH. The rotational speed of the biochamber varied a- rrr;jir^c, 
lo maintain the rotational suspension of the aggregates. 

Glucose challenge and insidin radioimmunoassay. The hit;; "• if - I'tcM 

(180 mg%) was replaced with low-glucose '90 mg<&j IruM ;• M\R\ 
24 h prior t(j the glucose challenge, alter wrticii all SICA-. - .d . ir 
were removed and distributed into ,'iS-mir tissue culture ci-r ' .. ■ m 
5 ml of fresh low-glucose IncM. This medium was collet .-..].>•' { ■ •■ ;'. 
and immediately frozen to serve a- the baseline fume 0' -.c : •■ ''-r:e- 
were replenished with 5 ml of high-giucosr 1 00 n^g f /ri IncM ,r r 1 . : r n ^ ■ : 
to the 37° C incubator. Media samples i'0.."i mli were eniict.ri: nc", l n 
mm for 60—90 min, immediately frozen and later assavec i.-r in-uiin i <>w- 
centration by double-antibody radioimmunoassay f H I A ) 

Anti-porcine insulin (lot no. 024H-1-B15; Sigma. i was dilutee ! ,g7> one. 
using 1:400 normal guinea [ug serum. Unknown samples M n.ecu i 1 1 1 j.': 
were diluted to a final volume of S(K) pj with 1% chicken f^-i. ...ir.ie ■ :* 
phosphate-buffered saline (PBSl [pH — ~..~)i, prior to the act:, i n: ■ : r- 
antibodv (200 u.1). Porcine insulin (Sigma. I was used as a stain:. in., am: . < >o 
u.1 of IncM was added to each standard curve tube. After a 2--' : nc :inai k n 
at refrigerator temperature, approx, 0.1 ng of rudioiodinatei: porom»- m-a.m 
(NEN) was added for an additional 24 It. followed by addition <>' the -erortc 
anlibo<ly {1:80 anti-guinea pig IgG; Antibodies, Inc., Davis. i.\>. \il -ample- 
from a given experiment were run in the same assay. IncM and media will: 
]% Matrigel (MC) were included us media controls. 

Morphology. All SICA were washed fSx IncM) following tdu< o-c challenge 
and fixed for 20 mm with 3.0% glularaldehyde in IncM. Following wa-lie- 
with Dulbeccn's PUS (dPBS). some SICA were posthxed witl. \ r '< o^mtim 
lelroxide in dPBS, washed (3>: dPBS), dehydrated in a graiu-n -me* oi ciImi 
alcohol, anri either processed into Lpon/Araldite for light mienwop\ iLM 
and transmission electron microscopy (TF.M) or fined with liexarvetrMdi-i- 
lazane and roulinelv processed lor scanning electron microscopy :^K\1 
Thick sections (0.5 p.rn) were stained with toluidine blue lor I.M. and thin 
sections (gold/silver) were routinely stained with uranvl acetate/marl citrate 
for TEM. 

FasL and insidin inimunostainin^. Some lixed SICAs were wa-hed i'3 >' 
ddHjO), frozen in liquid nitrogen, and processed into TP"- i i--im-l r^e/.i r i ^ 
medium (Triangle Biomedical Sciences. Durham, INC). Cryn-rctmn- Oo ulc i 
were mounted on glass slides and imrnunostained lor either ha-I. ^ ;<.rr,t;tv 
Sertoli cells or insulin lo identify 3-eells. Prior Lo immiinosiaimng. -ee.ioned 
SICA tissue was treated with 50 mm sodium citrate (pH K.-V-'Hi. a; o'l' (. 
for 30 min lo enhance the retrieval of fixed antigens (jiao <*' al., [d<)'i. 
Primary antibodies for FasL (1:50, rabbit polyclonal; Santa C.n\/ liiotc hnc - 
ogies. Inc., Santa Cruz, CAl and insulin (1:500. mouse monoclonal. r\utU 
Cruz Technologies) were processed with ihe appropriate ABC VrcuMam kit 
(Vector laboratories. Burlmgamc, CA). followed by either liiaminnbrn/nienc 
or alkaline phosphatase (Vector) colonmetric markers. 

I.TS 

HARV cultures (if isolated pig islets alone and HAIfV rucullti rc> 
of rat Sertoli cells plus pig islets were incubated in medium iwth 
or without 19r Matrigel. Islets best retained their integrity, when 
incubated with Sertoli cells in coculture. Otherwise, i.-lets a. one. 
incubated wilh oi without 171 MaUtgel. tended i<> di-a^^u g.ui 
single cells b\ 14-d incubation, although cellular viability remained 
high (>907 / c). and 3-celis remained present as nidjcai ed :^ nusr. i\ t- 
I)TC staining. 

In the first 24—^8 h oi HARV cocuiluie. large aggregate- ap- 
peared in all the bioe handlers. B\ day trie aggregate- uad rem- 
ganized into smaller and more tuirnogerieous >pheriea: -tn;etiae> 
that did not change in gross morphologv up lo da\ 11 el tiie incu- 
bation period. Aggregates that innned in media containing l r r Ma- 
trigel were noticeably larger (3-7 tnnil than the smaller ones <0..V- 
l 7 ) mm) that formed in media not containing Matrigel ihg 1 . Since 
the size and spherical shape of the aggregate- appeared lo -lama/.e 
bv dav 4, collection, morphologv. and assav n! the iorrned aggregate-- 
were performed on those harvested ioliowmg .5 d oi mennaticr.. 

VorpiioloiTi. Feilhtwing S d ni mcu i Kit lot i. the leitr.ed .!gg: e_ T .il e- 
were general i\ spherical in -ha tie and, wnen \ieued m N KM, 
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Yv,. 1. Ral Sertoli cells co incubated witli pig isiels in 3tmulale»J micro- 
{.Tdvity in d**fine<^ medium Ml result in well-formed aggregates called SICA 
winch art- n-.in.:edtiK larpex \H) when the medium contains 1% Malnpel fSI* 
(. Anigj. Mapnilitd ioii: nsrnium lelroxide, <6 



> bowed mlacl isiels surrounded by Urge Sertoli cells (Fig. 2). Ag- 
gregates formed in the presence of 1% Matrigel were not only larger 
llun those from Mali igel-free medium bul appeared to be composed 
of nonislel cells that had a more elaborate structural association 
with tiie isiels (Fig. 2). The sectional morphology of the fixed ag- 

r»t-.»fTot<*i: OorJ fr^m rnnit] I 1 rr^c with r>r withmit Ivlatriiy^l irlpn- 

r r; ' - ---- - - . . n - 

lified the t omponenU us Sertoli cells and islets, both of winch ap- 
peared morphologically normal. In the absence of Matrigel, SICA 
contained randomly organized Sertoli cells that were closely asso- 
ciated with isiels (Figs. 3 and 4). SICAs formed in the presence of 
Matrigel t SICAmg) acquired a more organized morphology when 
compared with SICA harvested from cocultures not conLaining Ma- 
trigel (Figs 3 and 4) In the SICAmg, many Sertoli cells were prom- 
itiendy distributed ai the periphery of the aggregate and appeared 
highly polarized (Figs. .'3 and 4). Nuclei were positioned basally in 
tin- cell, and a distinctive apical cytoplasmic region wa.s oriented 
toward the center of the SICAmg (Figs. 3 and 4). Serloli cells at 
the periphery wen- in contact with the surrounding Matrigel and 
were not, l\picaJly, in contact wilh oilier cells apically These >erloli 



cells were similar in appearance to a simple columnar e;al:i'-.:!: 
not unlike the structure and organization o: the Sertoli < eii- 
served in the intact testis. Additionally snace> resembh r:_; b.- 
mina of seminiferous tubules wen* piescnl within trie Sl(.Ar::u' '!':-' 
3). In SICAmg, bul not in SICA, ihe islet-, whicii aiifit'ami --jf- 
gated from Sertoli cells, were more centrally positioned aui 
in close association with the luminal spaces [Fig. 3j. The\ andean-- i 
to have a single layer of attenuated Serloli cells surrounding lorn: 
(Fig. 3). The ultrastruclure of (3-ceIls and olher islet cell- n, MC \ 
and SICAmg was consistent with the normal uitrastruclui e | : u-c 
cells in situ (Fig. 5). 

Glucose cf utile npc. All the cells, isiel>. and/or aggregate- .^1(1 \ 
from a single HARY biochamber weie collected and a--a\ee. 
insulin, following a glucose challenge as described abo\e 'Vm- ' >- 
8). It is assumed thai all the isiels and Sertoli cells. originalK n.at'-d 
in ihe HARV, as described above, were viable at the tune of a-sa\ 
since there was no evidence of cell attrition based on \ ital d\e- 
exclusion analysis performed immediately prior lo the glucose < nu! 
lenge. Since multiple aliquots from one biochamber could nol be 
considered as separated treatment samf)les. and since each pnrnan 
cell/islet isolation necessary lo supply I lie HARV incubation un- 
considered a separate experiment, the results were expressed with- 
out statistical analysis. 

Islets alone, with or without Matrigel, retained their ahibt\ in 
secrete insulin when challenged with elevated glucose (lttO nig'*/., 
as indicated by ihe results of RIA (Fig. 7). When incubated n: the 
presence of Matrigel, the islets alone appeared mitre resnmisnc lo 
the elevated glucose in terms of insulin secretion when compared 
wilh the isiels incubated without Matrigel (Fig. 7). Likewise. SICA 
collected from HARV cocultures. incubated with or without Main- 
gel, retained the ability lo secrete insulin Jollowing expnsme io 
elevated glucose (180 mg%) (Fig. 8). Aggregates incubated in media 
containing 19c Matrigel (SICAmg) appeared lo secrele substantial 
more insulin than did the aggregates incubated without Matrigel 
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Fir.. 3. Seclional moq>liology (LM) of SICA (A) shows a random distribution of Sertoli cells and is] el tells, whereas in SICAmu i/jj, 
Sertoli cells (SC) are distributed more to the periphery of the aggregate, and islet cells (I) occupy a more central position, uppraring 
denser and with many secretion granules, Sertoli cells appear to be more polarized than in SICA, and lumen-like space* ure eumn: 
Magnification: X 200. 



(Fig. 8). Based on the standard curve for porcine insulin, incubation 
media with or without 1% Matrigel did not cross-react significantly 
in the RIA (Fig. 6). 

FasL and insulin immunostaining. All cryosections from botJi 
SICA and SICAmg contained cells positively immunostained for 
insulin, presumably fJ-cells. In SICA, {3-cells appeared lo be limited 
to islet-like clusters of cells (Fig. 9A). whereas p-cells in SICAmg 
sections appeared to be more integrated into the surrounding Sertoli 
cells (Fig. 9B). There was absence of immunostaining in all the 
negative controls. Quantification of insulin-positive cells was not 
attempted. 

There was positive immunostaining for FasL in all cryosections 
from both SICA and SICAmg. The pattern of immunostaining for 
FasL was generally random in SICA (Fig. 10.4). hut distinctively 
peripheral in SICAmg (Fig. 10/?). There was absence of immuno- 
staining in all the negative controls. 

Discussion 

Results from this study show that neonatal pig pancreatic islets 
and prepubertal rat Sertoli cells form into organized three-dimen- 
sional aggregates when uncultured in simulated rnicrogravny utiliz- 
ing the HARV biochamber. Islet-like structures were identified by 
cross-sectional analysis of the SICA. and p-cells were identified by 
positive insulin immunostaining. All islet cell types were present 
in the formed aggregates as identified by Lne ullrastructure of se- 
cretion granules unique to the different islet cell types. Likewise, 
Sertoli cells were present in all SICAs examined by positive FasL 
irnmunoslaining and by their unique cellular ullrastructure. 

When incubated with \ r /c Matrigel, there was segregation of the 
cell Ivpes. with Sertoli cells becoming more peripherally distributed 
and assuming a more polarized morphology and islel cells occu- 
pying a more central position and associated with mtra-aggregale 
spaces. The apparent epithelialization of Sertoli cells following Ma- 
trigel addition to the HARV IncM was similar to the well-defined 
effects of Matrigel on Sertoli cell slnieture in conventional culture 
llladlev el a!.. \ l )ttr>; Cameron and Muffly. !<><>! I. It is not clear 



why intra-aggregate spaces appeared following Main gel treatment, 
although it is tempting to speculate that the epitheiiahzation of 
periferalized Sertoli cells included the formation of occlusive cell- 
cell junctions, thereby inhibiting the outflow of apicalh secieted 
Sertoli cell products. The resulting appreciation of inlia-aggregaled 
hydrostatic pressure would result in a "lumen" not unlike the pro- 
cess by which semineferous tubule lumina are formed in \ivu illad- 
ley et al., 1985). 

Whether formed in the presence of Matrigel (SICArrgi or without 
Matngel (SICA), the aggregates secreted insulin following exposure 
to elevated glucose (180 mg%). When compared with the controls, 
insulin secretion was enhanced when 1% Matrigel and Sertoli cell- 
were both present in the coincubalion medium. Sertoli cells alone 
did not appear to enhance the ability of the islets to secrete insulin 
when compared with controls, whereas Matngel alone appeared to 
increase the sensitivity of the islets to the elevated glucose. It is 
possible that the apparent improvement in insulin secretion irom 
SICAmg compared with SICA was due to the direct stimulators 
effects of Matrigel on the islets. It is also possible that the >erloh 
cells stimulated islet function b\ their secretion of positive trouble 
factors, which, was realized onl\ aftci Sertoli ^eils uiciiisel \ es nab 
been stimulated b\ the Matrigel. The direct and/or indirect ef.Vci- 
of Matngel on SICA insulin secretion cannot be determined :r, hie 
results of this proiect, and clearly warrants further itn e-tiaat inn 
Since the design of this project did not allow lor on. itiu.c samnhriL: 
from different culture preparations (i.e.. all the assa\ed materia", 
came from one HAH\ bioreaclor/lrealinent gmupi. hie -tati-iica. 
evaluation of the functional results was not possible . There: ore, 
these qualitative observations serve only to indicate an apnrnpnale 
direction for further study. All the same, it is (dear that both SK' A 
and SICAmg tissue constructs retained the ability to secrete insiuu 
and responded to elevated glucose. 

It has been known for some time thai the pancreatic islets nine 
lion as a mini-organ. Paracrine interactions among trie giuca<:ims- 
secreting a-cells. the insulin-secreting 3-cehs. ant! the Mtmatosta:- 
in-seereting o-eells are believed to be needed for optimal i:h;co-e 
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FlC, r>. With TKM, < J i ffe re n I tvpes ol islet cells in SIC" A tan be identified by the unique ullrastruelure ol their st-i 
it-cell. {H) [i-cell, and (O S-t-ell. Magnification: x'HKX). 



ion i;raiiul( 



Homeostasis linger and Urci. i L '7b; I ngei el a:.. iM78l. Ihereiore. 
transplantation of whole pancreatic islets rather than p-eelis alone 
would seem to offer the best chance ol restoring normal glucose 
regulation In diabetic individuals R\ the presence of a-, (3-< — 
o-cells. pig islets incorporated into the SICA retained the general 
integrity of this multieel] endocrine organ, presumably by the struc- 
turally supportive network of the surrounding Sertoli cells. The 
identilication ol other islet paracrine factors, such as glucagons and 
somatostatin, was not attempted in the current study and is clearly 
required to determine the complete functional integrity ol the SICA 
islets. Islets not incorporated into SICA following HAKY eoinou- 
ballon deaggregaied. presumably due to the absence ol the sup- 
portive architecture pro\ ided for tt\ die Sertoli cells, which Matnge! 
alone did not provide. However, the p-eells remained viable since 
insulin secretion was delected in pelleted cells collected from the 
IIAR\ enincubation medium. 



Neonatal pig islets have been well uldi/ed in a numbei c inn- 
plantation therapies, resulting in the successful noi ■maii/aiion u 
hyperglycemia in animal models oi diabetes Yoon el al.. 
However, most of these protocols invn.ved t ransplanlaln >r i'-.u 
isolated islets mlo s\ slenucalK lminunosuppressed or i:r,ir,i;i;i n\>- 
ficienl animals such as the nude mouse, ll is apparent tiiai uiici 
the issues of immune surveillance and grail reieetmn arc riinaual 
ed. islets from neonatal pigs serve a> a useful source of (inner i-i<-i 
for successful Lransfilantation therapies in experimental animal di 
abeles. RecenlK, Yoon et al. ( 1 c ><> c > 1 showed that following tne Iran- 
plantation of neonatal pancreatic cell clusters in either diaheiir n 
nondiabetie nude mice, there was slriking grail de\ eimm/M;! ur.i 
increased differentiation of nonendocrine cells to the B-crl! piv 
nolvpe. I'ollowmg the normalization of glucose in. the lmmunode : i 
cienl nude mouse, the graJts consisted almost onlirri\ n: h-i 
suggesting the capacity ot neonatal nig islel cell- to >t-\r>. ■[ ; \ rw tic 
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Fit,. 6. Typical standard curve for porcine insulin FIT A (solid circles). 
Incubation media with (triangles) or without (open circles). Matngel (}%) did 
not cross-react significantly in this assay. 



ferenliale into P- eel Is fYoon el aL, 1999). Since ihe maintenance 
and stimulation of cellular differentiation, not obtainable in con- 
ventional culture, has been attributed to the simulated microgravity 
culture environment (Goodwin et al., 1992, 1993a, 1993b; Schwarz 
el al.. 1992; Becker el al., 1993; Duray el al., 1997), il will be 
interesting lo determine if HARV incubation, with or without Sertoli 
cells, promotes fj-cell differentiation in neonatal islets in vitro. 

In the current study, Sertoli cells in all tbe aggregates examined 
showed positive FasL immunostaining. It is not surprising that this 
bgarid was delected on SICA and SICAmg Sertoli cells since il has 
been repeatedly identified on Sertoli cells in vitro and in vivo (Bell- 
grau el al. 1995; Lee el al., 1999: Ricbburg et al., 1999; Richburg. 
20(H)). Its expression is significant because FasL has been linked 
with the immunosuppressive properties of this testicular "nurse" 
cell (Beliprau et al., 1995). 

Since the report on the utilization of Sertoli cells for the creation 
of an immunoprivileged site outside the testis, the use of Sertoli 
cells as a potential immunosuppressive agent has generated con- 
siderable interest. Selawry and Cameron (1993) cotransplanled rat 
Sertoli cells with isolated islets beneath the kidney capsule in the 
rat. This protocol, when accompanied by a short course (2 d) of 
cyclosporin A. extended the viability of both the islet alio- and 
xenograft in the diabetic rat, prevented the rejection of the graft 
in the otherwise immunologically hostile site, and rendered ihe 
once hyperglycemic diabetic rat normoglycemic for ihe life of the 
animal. 

Although the precise mechanisms by which Sertoli cells or Sertoli 
cell products affect immunosuppression and trophic support of islets 
arc not vet clear, it is evident that Sertoli cells secrete hundreds oi 
proteins such as insulin-like growth factor— 1. transforming growth 
factor (TCF)a and TGFfL p-fiuroblasl growth factor, sulfated gly- 
coproteins 1 and 2, and platelel-denved growth factor (for review. 
sec Skinner. 1903). Some are known lo have immunosuppressive 
capabilities, and manv arc well-defined trophic factors that promote 
cellular growth and differentiation (Hardin el al.. 1988; Skinner. 
1 f >< > 3 j . Several possibilities have been suggested. The expression of 
FasL ma\ down-regulate the activated T-l vmphocyle population by 
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Fit;. 7. Insulin secretion (jil'/nil medial in response U> ric\air<i -.-.men-it* 
concentration { 1 80 ing%) nl isolated porcine pancreatic hio i I ,~> *■ !0\ 
incubated alone or with I c k Malrige I . Etich Irealnient group \ rprc-e www a\\ 
the cells/uggregales collected from one H \H\ Inoefuim her. 



FasL-Fas-induced apoptosis. thereby protecting the grail horn the 
cytotoxic effects of these Fas-positive invading immune cells ittell- 
grau et al., 1995). Additionally Sertoli cells may secrete .i protein 
(hat suppresses activated I -1 vmphocv lie proltieralion :n eornpetihv c 
binding of interieukin (ILi-2 receptors on the 1 vniphf ie\le- Sebun 
el al., 1991; DeCesarls et al.. 1992 1 and/or suppress : \ ii::moc\ tic 
IL-2 secretion in conventional culture (Canlrell ant! Smith . ! (1 B*L 
Selawry el al.. 1991; DeCesarls el al.. 1002). In lhi» uismioij. the 
putative Sertoli cell-derived immunosuppressant uoniil Mipnross 
ihe rejection hv a mechanism similar to the action <>l c\ciosnoni! 
A which also suppresses the production of IL-2 I Green and Alli-un. 
1978; Homan el al. 1980; Leapman el al., 1081. Ile.^. 108.Y. 
Coincubation ol SICA with ConA-slimuiated mixed i\mpiioc\te- re- 
sulted in the suppression of lymphocytic proliferation nlata not 
shown), similar to the earlier studies reporting the elieel ol tin- cell 
on lymphocytic expansion m conventional culture (Seiawn et a!.. 
1991; DeCesarls el al.. 1002). Tiiese proposed meciamsm-. b\ 
which Sertoli cells may provide immunosuppression nu gra:ieti ce;i- 
and tissues, are t/urrenlK untlei in\ estimation.. 
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Fk;. 8. Insulin secretion (u.U/ml medial in response to elevated glucose 
concentration ( 1 tit) mp%) of isolated porcine pancreatic islets (15 X It) 1 ) 
following incubation Willi Sertoli cells (60 X It)") or Sertoli cells plus \% 
Matrigel. Each treatment group represented ull the- cells/aggregates collected 
from one HARV hiochamher. 




FlC. 10. These sections of SICA \A) ar.d SICAmg [R) are imt:;-.i 
for FasL to identify the Sertoli cells {arrows). Note that in the Sit 
the positive reaction product is diMinctlv distributed lo the pern h 
aggregate coincident with the distribution of Sertoli celU. In ti:-- 
FasE lmmunostaining appears more random throughout thr uggreg 
nification: X 100. 
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The use of Sertoli cells as transplantation facilitalors lia> not litrn 
limited to the transplantation of pancreatic islets. The inimunusun- 
presive and positive trophic properties of Sertoli cells have ttrer: 
demonstrated in both alio- and xenografts in the ral brain !Sani>rrg 

l -sk.'s i oo/- r> 1 ... ... ..1 1 c ... i i i u )t. 

ei Hi., 1?~JU, LJuiiuugaii t.i ai., x j s\t, vjohh.iwk t. i ui .. * - 

II appears that those unique and potentially significant properties 
of extratesticular Sertoli cells related to successful engraft mrnl oi 
cotransplanled tissue and cells are expressed in both the pennhen 
and the central nervous system. 

In conclusion, our results show that thr creation of Sit! A and 
SICAmg by simulated microgravity cocullure of rat Sertoli celi^ and 
neonatal pancreatic islets results in a novel tissue construct that 
exhibits the desirable characteristics oi insulin secretion and m-1: 
immunoprotection. It is not yet clear to what extent Sertoli cells and 
Matrigel affect the dynamics of insulin secretion from SICA The 
qualitative observations, however, suggest that neither Sertoli cc!l> 
nor Matngel interfere significantly with thr ability of [J-rrhs in se- 
crete insulin when exposed to elevated glucose in vitro. SICA and 
SICAmg will be used in experimental Inng-lrrm transplantation pro- 
tocols for the treatment of diabetes in experimental model?- o; dia- 
betes. 

AckNinVI.KIMAII M 

Tins study was supported in part In a gran; I mm N \SA fNACo- \M<] ;. mi 
which we are grateful. 




Fir,. O. These crvoseetions of SICA \A) and SICAmg l7?i are immuno- 
siained tor insulin to idenlih the p-cells i arrows*. \olr that in the MCAmg 
-.Pi. pi-cells i cirrous i appear to he more integrated into the surrounding Sertoli 
t ell matrix and less confined to the isle'. s:nieture as onsen ed in the > I C A 
■•C. Macml'icaiKin. VlOO. 
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Abstract: Ceil transplantation therapy for diabetes and Parkinson's disease 
offers hope for long-term alleviation of symptoms. However, successful proto- 
cols remain elusive due to obstacles, including rejection and lack of tropic sup- 
port for the graft. To enhance engraftment, testis-derived postmitotic Sertoli 
cells have been cotranspianted with islets in the diabetic rat <Db> and neurons 
in the Parkinsonian rat (PD>. Sertoli cell tropic, regulatory , and nutritive fac- 
tors that nourish and stimulate germ cells also support isolated neurons and 
islets in vitro. Likewise, immunosuppressive properties of Sertoli cells, extant 
in the testis, are expressed by extratesticular Sertoli cells evidenced by allo- 
and xenograft immunoprotection of grafts in both the CNS lin the PD model) 
and the periphery (in the Db model). On this basis, we have created Sertoli islet 
cell aggregates (SICA) and Sertoli neuron aggregated cells iSNACt using sim- 
ulated microgravity culture technology developed by NASA. Isolated rat and 
pig Sertoli cells were cocultured with neonatal pig islets (SICA j and with 
immortalized .V-Terra-2 (NT2) neurons (SNAC) in the HARV biochamber. 
Formed aggregates were assayed for desirable functional and structural char- 
acteristics. Cell viability in SICA and SNAC exceeded 90^ and FasL immu- 
nopositive Sertoli cells were present in both. Sertoli cells did not interfere with 
insulin secretion by SICA and promoted differentiation of NT2 cells to the 
dopaminergic hNT cell type in SNAC. Addition of Matrigel resulted in struc- 
tural reorganization of the aggregates and enhanced insulin secretion. We con- 
clude that SICA, SNAC, and Matrigel-induced islet- and neuron-filled "Sertoli 
cell biochambers" are suitable for long-term transplantation treatment of Db 
and PD. 

Keywords: Sertoli cells: microgravity; HARV: coculture 
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INTRODUCTION 

Testicular Sertoli Cells 

The testicular nurse cell, known as the Sertoli cell, resides in the testis, where it 
provides a nutnent-rich environment for germ cell expansion and differentiation. 
Among these proteins are insulin-like growth factor I. basic fibroblast growth factor, 
transforming growth factors a and p. platelet-derived growth factor, neurtunn. inter- 
leukin 1 a and interleukin 6. and the transport proteins, transferrin and ceruloplasmin. 1 
Sertoli cells also protect spermatids from immune detection and destruction, princi- 
pally by formation of the so-called "blood-testis" barrier, which is. in fact, the collec- 
tive population of Sertol-Sertoli junctional complexes. Clearly, immunoprotection by 
testicular Sertoli cells is imparted to the highly antigenic germ cell population. How- 
ever, it is imparted by mechanisms that are not yet clearly defined, possibly facilitated 
by the fact that Sertoli cells do not express major histocompatibility complex class I 

ST 1, dnii iC.u unu. imut ii^i uwit-CU~U U » tilt uiunuuc svmciii. kjiiz su^kcm- 

ed mechanism by which Sertoli cells provide immune protection is the constitutive 
expression of FasL (CD95 ligand). Bellgrau and coworkers 2 showed that the gld 
mouse survived indefinitely when Senoli cells were transplanted under the kidney 
capsule. They concluded that the expression of functional FasL by Sertoli cells 
accounts for the immune-privileged nature of the testis. 

Extratesticular Sertoli Cells 

Bellgrau and coworkers went further and suggested that FasL expression was the 
mechanism by which isolated Sertoli cells induce localized immune privilege to 
cotransplanted cells and tissues,' which is appealing in that this is similar to the 
already well defined mechanism of downregulation of the immune response natural- 
ly occurring in the mammalian system. The role of FasL in promoting immunosup- 
pression by extratesticular Sertoli cells in transplantation has received much 
attention since it was first suggested that Sertoli cells impart their immunoprotective 
function by this pathway. An alternative or additional mechanism of extratesticular 
Sertoli cell immunoprotective activity is by way of suppression of activated lympho- 
cytic proliferation. Sertoli cell-conditioned media has been shown to inhibit Con 
A-stimulated spleen lymphocyte proliferation in a dose-dependent manner. This 
appears to occur through a dose-dependent inhibition of interleukin 2 (IL-2 1 produc- 
tion, since the addition of exogenous IL-2 was not able to reverse this effection/ 

Characteristics of Sertoli cells that make them ideal transplantation facilitators 
are that ( I ) they are terminally differentiated and mitotically quiescent when isolat- 
ed. (2) they live for the life of the donor and may. therefore, live for the life of the 
host. (3) thev do not express MHC I or II antigens. (4) they express and secrete 
numerous tropic, growth and immunosuppressiv e factors, and (5) they are easily iso- 
lated and cry opreserved 

Transplantation Facilitation by Sertoli Cells 

In the course of finding a suitable organ or tissue site for islet transplantation, it 
was discovered that the relocated abdominal testis ( at 3^0 prov ided an extraordi- 
nanlv safe environment for extended survival of islet crafts and some relief of the 
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diabetic complications. 4- It is now clear that immunosuppressive and supporme 
properties exhibited by the abdominal testis were generated by the organ ^ Senoh 
cell population 8 - 9 and. thus, have been used in cotran^plantation protocol to "facil- 
itate" the success of islet engraftment. 8,9 The first direct evidence that SCs could, in 
fact, provide for immunosuppression by a mechanism not involving the B-T barrier 
was realized when Selawry and Cameron 9 created an abdominal test^-like immuno- 
pnvileged site outside of the testis by cotransplanting isolated islets with isolated 
Sertoli cells beneath to the kidney capsule in the diabetic rat. This protocol, when 
accompanied with a short two-day course of cyclosporin A. extended the viability of 
both islet alio- and xenografts, prevented the rejection of the graft in the otherwise 
immunologically hostile site, and rendered the once hyperglycemic diabetic rat nor- 
moglycemic for the life of the animal. 9 Additionally. SCs may facilitate islet gran 
success by providing for a supportive tropic environment illustrated, in pan. by their 
ability to significantly enhance islet cellular viability follow ing cry ©preservation 10 
if the islets are thawed in established SC cultures. 

On the basis that Sertoli cells might serve as useful "transplantation facilitators" 
in other cell transplantation protocols, for example Parkinson's disease, isolated SCs 
were transplanted with rat ventral mesencephalic cells (VM) into the DA-depleted 
rat striatum, resulting in an increase of graft survival, an increase of surviving TH- 
positive neurons and an increase of TH-neuron soma size when compared to VM- 
only grafts. 11 Additionally. Sanberg and coworkers 12 showed that SCs enhanced the 
survival of bovine adrenal chromaffin cells when cotransplanted in the rat striatum, 
whereas no chromaffin cells survived in the absence of SCs. Additionally, we have 
shown that all hNT neuron grafts will survive in the striatum when cotransplanted 
with SCs without systemic immunosuppression as compared to only 50^ survival 
in hNT-oniv grafts. 13 This latter observation was accompanied with a 60^ reduction 
of gliosis, indicating a significant suppression of the CNS immune response at the 
graft site. When transplanted alone, both rat (allografts) and porcine (xenografts) 
SCs survive in the brain without systemic immunosuppression for ten months post 
transplantation. 14 

As with islets. SCs provide a supportive tropic environment for neurons illustrat- 
ed, in pan. by their ability to significantly enhance cellular viability following cryo- 
preservation if the VM cells are thawed in established SC cultures. 1 "' Furthermore, 
we have shown a significant increase in the numbers of TH-posm\e neurons in 
coculture with SCs when compared with neuron-only monocultures. 10 As with the 
islets studies. Sertoli cells needed to be present to effect these supportive tropic 
results. 

Although extratesticular Sertoli cells support isolated cells and immunoprotect 
grafts as well as might be expected when using systemic immunoprotection. there are 
inherent problems limiting the usefulness of this protocol, including the difficulty of 
insuring the obligatory close proximity of the two cell types following transplanta- 
tion. To overcome these limitations, it would be beneficial to have a transplantable, 
viable, tissue-like aggregate composed of Sertoli cells and the transplantable cell type 
in which the cells t\ pes retain their differentiated functions — that is. for example, nor- 
mal insulin secretion by p-cells of the islets and dopamine production by the neuron> 
and immunoprotection and tropic support by the Sertoli cells. 
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In this report, ue describe the tissue engineering, morphologs and functional 
assav of a Sertoli islet cell aggregate (SICAi and Sertoli neuron aggregated cells 
(SNACt created b> simulated microsravitv coculture using the NASA-developed 
rotating cell culture system (RCCS). 

Simulated Micrograviry 

The RCCS is a relatively new development in bioreactor technology that enables 
the cultivation of highly differentiated three-dimensional cell aggregates mimicking 
the structure and function of parental tissue. 18 The RCCS was originally designed to 
protect delicate tissue cultures during space flight. However, it quickly became 
apparent that the unique environment provided by the RCCS of low shear force, high 
mass transfer, and micrograviry. enables three-dimensional cell growth to take place 
in a conventional tissue culture incubator The RCCS has a w ide range of cell and 
clinical research applications, including cancer research, in vitro toxicology testing, 
and tissue engineering. 

Principle of Rotary Cell Culture 

Most culture systems address one specific parameter, shear force, at the expense of 
others such as mass transfer of nutrients and metabolic wastes, three -dimensionality, 
and/or cocultivation of dissimilar cell types. The RCCS is the first bioreactor designed 
to simultaneously integrate cocultivation. lou shear, high mass transfer, and three- 
dimensional growth without sacrificing any other parameter. The RCCS is a zero head 
space, aqueous medium-filled bioreactor that suspends particles or cell aggregates by 
rotating the vessel wall and integral gas diffusion membrane around the horizontal 
axis. The rotation vessel can hold particles/aggregates of up to 1 cm in diameter in 
orbital suspension, since the sedimentation forces induced by gravity are balanced b> 
the centrifugal force generated by the rotation of the vessel. As the aggregates expand, 
the rotational speed is increased. C)\er 40 different cell types have been successfully 
grown in the RCCS and. to date, no tissue type tested (either suspension or anchorage 
dependent cells) has failed to grou in the RCCS. For example.^hepatocytes have been 
expanded in RCCS into high fidelitv models of liver tissue. 21 Human cancer cells 
grown include those of melanoma, prostate cancer, breast cancer, ovarian cancer, and 
osteosarcoma As an example, normal human fibroblasts have been cocultured with 
human colon cancer ce!l> and. in less than a month, the coculture producing hundreds 
of differentiated colon cancer polyps, each exceeding one centimeter in diameter. 

To our knowledge, our work is the first attempt to develop Sertoli cell-ennched 
tissue constructs with highl\ differentiated cell tspes suitable for transplantation. 
This report summarizes our results relating to the creation and definition of S1CA 
and SNAC intended to be used in cell transplantation therapies of experimental dia- 
betes and Parkinson's disease, respectively The type of RCCS used to create SICA 
and SNAC was the high aspect ratio vessel (HARV i. It is a 10-ml cylindrical RCCS 
bioreactor with a variable speed power supply Cocultures were placed in the HARV 
and then the HARV was placed in a com ention incubator at 37 ; C and 5?c CO : -955r 
air. The methods for isolating cells and the use of HARV coculture reported herein 
are described in detail eKewhere. 1 
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RESLLTS 

The detailed morphology and selective assay of SICA and SN.AC arc reported 
elsewhere. 1 Presented herein is a summary of those results. 

SICA 

SICA were formed in the HARV following five days coincubation of isolated 
neonatal pig Sertoli cells and pancreatic islets. They ranged in Mze between 1-6 mm 
in diameter, depending on whether or not \9 C Matrigel was added to the coculture 
medium. Consistently. SICA formed in the presence of Matrigel (i.e.. SICA MG were 
larger than those formed in the absence of Matrigel. 

Islets v. ere incorporated within the SICA. as verified by sectional morpholog> 

I see FlO I RF t 1 nnd tllustrnfeH w ith srnnnina elertmn mn'm<rnnv < Fir :i vu 2 i A!! 

islet endocrine cell types were present, as determined by the unique ultrastructure of 
secretion granules. Only in the presence of Matrigel did Sertoli cells segregate to the 
periphery of the aggregate, leav ing the islet cells more centrally located and closelv 
associated with lumen-like spaces. In the latter. Sertoli cells were highlv polarized 
and gave the appearance of a simple columnar epithelium, similar to their morpho- 
logical and histological appearance in situ. This phenomenon of Sertoli cell epithe- 
lialization in vitro has been observed in conventional culture when Sertoli cells are 
plated on a Martigel substrate. |u:o but this is the first time that Sertoli cells have 
been reported to undergo such a dramatic cytoskeletal reorganization when not in 
direct contact with the substratum. 

Cryosections of fixed SICA showed the expression of FasL on Sertoli cells and 
insulin in 3 cells by positive immunostaining. In SICA V f G there appeared to be an 




FIGl'RE 1. When sectioned oi.r unv. SICA reveal Sertoli ^elK m" ^irr.'unoine 
intact islets 1 /> Toluidine blue stain Bur, 100 urn 
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FIGURE 2. This scanning electron micrograph shows a SICA partially fractured 
Islets i arrows i are present within a matrix of Sertoli cells Bar, ](K) |im 



increased density of p cells, although this was not quantified When exposed to ele- 
vated glucose f 1 80 mg^f ). SICA were capable of secreting insulin as determined by 
elevated RIA detectable insulin in the medium (see FiGi'RE 3). Additionally, tsolated 
SICA were capable of suppressing Con- A-stimulated lymphocytic proliferation in 
vara when compared to islet cell-only coincubation with the mixed lymphocy tes. 

SSAC 

SNAC measuring 1-3 mm in diameter were formed in the HARY follow ing one- 
week coincubation of isolated rat prepubertal Sertoli cells and the NTerra2 (Ni2) 
neuron precursor cell line generously supplied by Layton Bioscience lnc The NT2 
cell acquires a dopaminergic phenotype. illustrated by positive tyrosine hydroxy lase 
( TH i immunostaining. follou ing five ueeks of exposure to retinoic acid in \ nm. As 
u ith SICA. Senoii cell segregation and lumen formation could be induced by adding 
1 <?c Mange! to the coculture medium, as demonstrated, in this case, by the peripheral 
distribution of FasL and centralization of NuMa-positiv e NT2 cells The most strik- 
ing observation of these aggregate^ was the appearance of TH-positiv e cells m cry- 
osectioned SNAC. since in vara formation required onlv one-ueek incubation, and 
in the absence of retinoic acid. It would appear that the bioreactor environment of 
simulated microgravity and/or Sertoli cells accelerated the conditions necessary for 
dopaminergic differentiation hv a mechanism not requiring the retinoic acid. 
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FIGURE 3. This graph illustrates insulin production against time as measured by RlA 
following exposure to elevated glucose ( I 80 mg^-i by isolated SICA ' solid dne\ isle's 
alone i dashed line), and in medium alone [dotted line). 

DISCISSION 

Results from this study showed that when cocultured in simulated microgravit\ 
utilizing the HARY biochamber. organized three-dimensional aggregates form, fol- 
low ing cocuiture or Senoii ceils with neonatal pig islets iSICAi and NT2 cells 
(SNAC). In both cases, the transplantable cells exhibited desirable characteristics 
such as insulin production by (3 cells in the SICA and TH expression in SNAC neu- 
rons. Both prepubertal rat Sertoli cells and neonatal pig Sertoli cells were used in the 
formation of aggregates, but it is not clear whether one cell type was better than the 
other in inducing desirable characteristics in SICA or SNAC since the observations 
were not quantified. Whether or not these novel tissue constructs will enhance the 
long-term success of cell transplantation therapies for the therapeutic treatment of 
experimental diabetes and Parkinson's disease also is yet to be determined. However, 
they do provide a new and promising approach to the ever-growing armamentaria ot 
methods applied to the amelioration of devastating symptom^ ot these two serious 
diseases, in particular, and to a number of conditions and diseases involving the 
replacement ot" dysfunctional cells, in general. 
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Respiratory Gas Tensions in Tissues and Fluids of the 
Male Rat Reproductive Tract 1 

M. J FREE, G. A. SCHLUNTZ 2 and R. A. JAFFE 
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Bat telle, Pacific Northwest Laboratories, 
Richland, Washington 99352 

ABSTRACT 

Micro oxygen electrodes were used to measure P0 3 gradients in rat testes and reproductive 
tracts. POj (mean mm Hg t SO) in 14 rats was 15.2 t 3.5 in interstitial tissue, 12.1 ± 3.3 in tubular 
lumina, 18.1 ± 5.4 in rete testes, 23.2 i 2.5 and 24.3 t 1.3, respectively, in caput and cau da epi- 
didymides and 23. L ± 3 .6 in vasa defcrentia. Mean testicular vein (TV) P0 2 in six similarly anesthe- 
tized rats was 3 1.3 ± 10.6 mm fig. In 12 conscious rats with a mean testicular blood flow of 25.5 
t 7 0 ml/100 g/min, blood POj was 86.6 ± 4.7 and 53.4 t 8.5 mm Hg for femoral artery (FA) and 
TV blood, respectively, yielding estimates for oxygen uptake of 116-148 uJ2 0,/100 mg of testis 
rissue/h. In five rats (testicular blood flow 19.8 ± 4.8 ml/100 g/min) the blood CO, content was 
38.6 t 5.9 *nd 48.3 + 2.9 ml/100 ml blood for FA and TV, respectively, yielding a CO t produc- 
tion rxtc of 114 ± 57 mC/100 mg testis tissue/h. 



INTRODUCTION 

Tissue oxygen tension depends on the 
supply of oxygen from the blood and its 
removal by metabolic processes. Temperature 
ftko affects gas tension and must, in part at 
teat, explain the low testis interstitial tissue 
ind venous blood P0 2 values reported for 
scrotal mammals (Cross and Silver, 1962; Free 
■ad VanDemark, 1968; Massie ct al., 1969, 
Baiter and Lindop, 1970). The germinal cells of 
die testis are generally supposed to be exposed 
to in oxygen tension even lower than that in 
Ac interstitial txssue since they are farthest 
amoved from the capillary bed. This may be 
Particularly true for the testicular spermatozoa 
81 the lumen of the seminiferous tubules, at 
^ until they reach the rete testis where, 
^ciusc of the arrangement of blood vessels 
(fetchell, 1970), the potential for reoxygena- 
°on exists. Further reoxygenarion may occur in 
*c epididymis where the peritubular dssue of 
°* caudal segment was consistently more 
■"Vgenated (P0 2 = 13-26 mm Hg) than the 
imcrstitium (P0 2 = 7-15 mm Hg) in ram, 
*to!t ind dog (Cross and Silver, 1962). 
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The present study was designed to explore 
the oxygen tension of the male reproductive 
tract of rat from the interstitial tissue of the 
testis through the excurrent ducts to the vas 
deferens. In addition, since most m vitro 
measurements of testis tissue respiration have 
been made at nonphysiologic temperatures and 
gas tensions and may not reflect the true 
metabolic rate of that tissue, an estimate of 
respiration rate in vivo was attempted by 
measuring femoral artery and testis vein gas 
tensions and C0 2 content while monitoring 
blood flow through the testes of conscious rats. 

MATERIALS AND METHODS 

Pornographic Apparatus and 
Calihratton Techniques 

The polarographic electrodes consisted of Transi- 
dyne #721 platinum wire (Transidyne General Corp., 
Ann Arbor, Michigan) in borosilicate glass oxygen 
mi croelec trades (2-p tip diameter), and #315 chlori- 
ded silver wire reference electrodes. Prior to use the 
mi croelec erodes were immersed in 48 percent hydro- 
fluoric acid to expose more platinum. This treatment 
resulted in a more stable output during usage and 
calibration and permitted more measurements with 
each animal preparation. Unbroken micro electrodes 
were reused after cleaning with acid dichromate 
solution and rinsing in phosphate buffer followed by 
distilled water (Inch, 1958). Broken microdectrodes 
were renovated by cleaning, firing to fuse the tips and 
sharpening with diamond grinding compound to 20-n 
or less diameter tips. These larger microelectrodes 
were generally used for measurements in the inter- 
stitium. caput and cauda epididymis and vas deferens. 
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The electrode holders (Fig. 1), fibricated from a 
disposable pipette and available pin and coaxial 
connectors, was connected by low-noise coaxial cable 
through an adapter which provided the -0.6 V 
polarizing potential, and thence to a Model 61 0C 
Electrometer (Keichley Instruments. Inc., Cleveland, 
Ohio). A Model MP-1001 Console (McKee- Petersen 
Instruments, Danville, California) containing ampli- 
fiers, a millivolt nulling source and a null meter were 
used to interface the electrometer to an MP-1027 
millivolt recorder. 

Calibration was carried out in a Transidyne Model 
1250 Calibration Cell using physiologic saline and air, 
100 percent nitrogen, or an analysed mixture of 10.09 
± 0.02 percent oxygen in nitrogen. In general, cali- 
bration followed the technique* recommended by 
Transidyne and by Bicher and Knisely (1970). Prior to 
the experiment the electrodes were preconditioned for 
about 2 h in saline equilibrated with air, with a -0.8 V 
polariring voltage and constant stirring in the calibra- 
tion celL The calibration equation was: 

Partial pressure u, * **> u, I ^atmospheric) ~ 
PH,0(34.5 e C)) 

To ensure the greatest possible accuracy and repeata- 
bility of the measurements, temperature of the m vivo 
preparation was controlled and simultaneous atmos- 



pheric pressure measurements werr taken Sample of 
saline saturated wirh the calibration gases were miA. 
zed for dissolved oxygen by the Winkler Method 
(Winkler, 1914) and for oxygen tension with a V'Si 
Model 53 oxygen monitor (Yellow Springs ]nsrnj mct)t 
Company, Yellow Springs, Ohio) utilizing ClarU-iy p< 
electrodes. The Clark-type electrodes were used to cal- 
ibrate the microclectrodes. Calibration points w ere 
checked with the Clark-type electrode several t lmn 
during the course of each experiment 

Animals and Experimental Techniques 
for Tissue P0 2 Measurements 

The Sprague-Dawley-derived alb ino rats used in 
these experiments were active breeding males weighing 
from 370 to 600 grams, maintained under control]^ 
temperature (70°F) and light (12 h light/12 h dart 
ness) conditions. Innovar-Vet (Pitman-Moore, inc.] 
was administered intramuscularly (0.2 ml/kg) accord- 
ing to the technique of Jones and Simmons (1968). 
except that dilution was 1:1 in sterile physiologic 
saiine, auu atropine s**iiaic (0.04 nig/kg) was added. 

All tissue measurements were carried out between 
1800 and 2100 h. One testis of each anesthetized, 
dorsally recumbent, air-breathing rat was exposed by a 
J-cm rnediolateral scrotal incision. After placing the 
rat and supporting platform into the screen (electrical 
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FIG. 1 A Apparatus and arrangement for tissue pO, measurements in the reproductive tra. 
The electrode holder and testis receptacle. 
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coding) cif* rne twtis w * 5 cised out of the 
J^fcjn, placed in a temperature-controlled (34.5 6 C) 
jjjl receptacle (Fig. la) and covered with saline. The 
J^Ptjce electrode was placed in the saline solution 
*ithm th c receptacle. A seminiferous tubule wis 
^poaed through a a 5 -cm incision in the testicular 
(jj^ule and a m:cro manipulator and dissecting micro- 
j^^c *rre used :o insert the electrode into the tubule 
(Fig. 1* * n d ^'^ From onc 10 f° ur measurements 
^ taken in each tubule. 

For measurements in the rete testes, the ductuli 
rfferentes were ligated by the technique of Tucket al. 
flPJO)- This technique improved visualization of the 
region due to swelling and permitted new C2>i tip 
dimeter) electrodes to be used for rete fluid PO, 
(gcawrements after first puncturing the testicular 
apfule with a 8-m tip diameter tungsten electrode. 

AH measurements were recorded as current (range: 
ICT 1 ampere for largest electrodes to 10"" ampere 
for the smallest electrodes), and converted to PO a by 
i calibration curve prepared for each experiment 

Mood Gss Measurement* 

For blood gas measurements in conscious rats, 
testicular artery friction flow devices and femoral 
irtrry catheters were fitted under halo thane/ oxygen 
mcschcata as described by Free and Jaffc (1972). The 



rats were allowed to recover consciousness m a 
restraining cage. Testicular blood flow, blood pres- 
sures, and hcarc and respiration rates were monitored 
over 1 to 4-h intervals. When physiologic parameters 
were steady, one or two samples (100 ^tf) of blood 
were taken simultaneously from the femoral artery 
and testicular vein branch. In blood samples from 12 
conscious and 6 Innovxr- Vet-anesthetized rats, oxygen 
and carbon dioxide tensions and pH were measured 
using a Model fL 113-01 Ultra micro blood gas aru 
lyzer (Instrumentation Laboratories, Lnc, Lexington, 
Massachusetts). Blood samples from five rats were 
analyzed for CO, content using a Natelson micro- 
gasometcr. Insufficient blood was obtained from the 
testis vein of four rats due to venous collapse of the 
small branch vein or catheter blockage. 

RESULTS 

A typical micro oxygen electrode recording 
for the seminiferous tubule of anesthetized rat 
is given in Fig. 2. Oxygen tension analogs 
remained relatively steady until the electrode 
wis withdrawn, as in the example shown, or 
until protein "poisoning" of the tip caused a 
downward drift. Mean recorded oxygen ten- 
sions for the testis tissue and various segments 



7^^" 18 Apparatus and arrangement for tissue pO t measurements in the reproductive tract of the male rat. 
tetrode tip in a seminiferous tubule. 
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FIG. 2. Microoxygen electrode response to pene- 
trarion Df a rat «eminifcrous tubule. 



of the sperm excurrent pathway arc given in 
Table 1, and show a progressive increase in 



oxygenation from the lumen of the semmif* r 
ous tubules to the lumen of the cauda epididy- 
mis- Blood gas tensions and pH for six addition- 
al rats, similarly anesthetized, are given in Tib\ t 
2 and yield mean arterial-venous differences 
across the testis of 32.4 mm Hg for Po 2 an( j 
-8.5 mm Hg for PCO a . 

In four rats, oxygen tension in the inter- 
stitial tissue appeared to fluctuate in a rhythnuc 
pattern with a frequency of six to eight per 
minute (Fig. 3). When the testicular capsule of 
two rats with rhythmically fluctuating uitenu 
tial P0 2 was cut open, the fluctuations ceased 
and interstitial P0 2 fell rapidly to unmcasur 
able levels. Hydrostatic pressure (0 — 100 mm 
Hg) had no effect on the oxygen microclce- 
trodes in vitro. 

Testicular hlooH flnw nrwnrM *r.d hcan 
and respiration rates for 21 conscious rats arc 
given in Table 3 and indicate that the rats were 
in good physiologic condition when the brief 
(10-min) sampling period began. Testicular 
blood flow was monitored during the sampling 
period and was unaffected by the sampling 
procedure. 

Table 4 shows the mean physiologic gas 
tensions and pH at 37.5 C for femoral artery 
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TABLE 1 . Oxygen tensions in ibe teste* and reproductive tract of innovar Vet 1 anesthetized rats (in mm Hg). 
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I ^ 

> Pitman Moore, Inc. 

'TA = testicular artery, TV = testicular vein, FA = femoral artery, FV = femoral vein. 
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tod testicular vein blood for 12 conscious racs 
**h i mean blood flow of 25.5 ± 7.0 ml/100 
?/min and a. mean packed red blood cell volume 
°f 50.5 percent. Mean carbon dioxide content 
te d C0 2 production rates for five conscious 
^ ire given in Table 5. 

A respiration rate for rat testis tissue can be 
^'matcd from the mean blood flow, hemato- 
crit ind oxygen tensions of the 12 rats summar- 
^ in Table 3 if a mean corpuscle hemoglobin 
^ctntration of 32 percent (Albritton, 1952) 
ln< * *n oxygen -hemoglobin combination factor 
\s assumed. The resulting value for 
^Vgcn capacity equals 22.5 ml/100 ml blood. 
^ & 4 hemoglobin dissociation curve for rat 
**>d at PC0 2 = 40 mm Hg (Jones et al.. 1950) 
lalu t of 116 /i£ O 2 /100 mg of testis tissue/h 



TABLE 3. Condition of conscious rats at the start of 
the blood sampling period, (0.5 - 2.0 h postanesthe- 
sia; n = 21). 





Mean 


:SD 


Body weight (g) 


469 


45 


Testis weight (g) 


1.81* 


0.14 


Heart rate 


410 


50 


Respiration rate 


77 


7 


Lateral blood pressure (mm Hg) 






Femoral artery 


120 


6 


Testicular artery 


61 


6 


Testicular vein 


12.5 


1.8 


Testicular blood flow 






(ml/lOOg/mm) 


25.7 


7.0 



fice. 



Weight of sampled testis only, measured at sacri- 
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TABLE 4. Blood gas analysis acroas the testis of the 
cons a outs nt (n «= 12). 





Femoral 
artery 


Testis 
vein 


A 




7.39 


7.39 


0 


± SD 


0.11 


0.11 




P0 a (mm Hg)* 


86.6 


53.4 


33.2 


t SD 


4.7 


8.5 




PCO, (mm Hg)* 


36.2 


45.9 


9.7 


t SD 


3.7 


4.6 





Mean testicular blood flow for these rats was 25-5 
t 7.0 rnJ/100 g/min. Mean femoral artery blood hema- 
tocrit was 50.5%. 

a Vteasurcd at 37.5°C- 

is obtained. Actual C0 2 content measurements 
in five additional rats (Table 5) yielded a C0 2 
production rate of 114 pSL C0 2 /100 mg testis 
tissue/h. Another published dissociation curve 
for rat hemoglobin (Gjonnes and Schmidt- 
Nielsen, 1952) yielded an oxygen uptake rate 
of 148 /i£ CV100 mg testis tissue/h. 

DISCUSSION 

Arterial POj values for conscious rats ob- 
tained in this study were almost identical to 
those obtained by Montgomery and Rubin 
(1974) (83-87 mm Hg) under similar condi- 
tions. The POa values for testicular vein blood 
also compare well with published values (50.4 
mm Hg) for barbiturate-anesthetized rats 
(Schanbacher ct al., 1974). Innovar-Vet- 
anesthetized rats were less well ventilated al- 
though arterial-venous differences in gas tension 
across the testes were similar to those in 
conscious animals. Since the hemoglobin disso- 
ciation curve for rat appears linear over the 
range 15-85 mm Hg (Jones et aL, 1950; 
Gjonnes and Schmidt-Nielsen, 1952), these 
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FIG. 3. Rhythmic fluctuation of oxygen tension w 
the interstitial tissue of a rat testicle. 

similar arterial-venous PO2 changes probably 
reflect similar oxygen uptake rates. 

The mean interstitial tissue PD 2 of 1 5 .2 mm 
Hg in anesthetized, air-breathing rats was higher 
than reported values (11.4 mm Hg, Carter et iL, 
1961; 10.6 mm Hg t Massie et aL, 1969). The 
mean P0 2 value for testicular vein blood of rats 
under similar conditions is approximately 24 
mm Hg when adjusted to m vtvo testicular 
temperatures using the correction factors of 
Nunn et al., 1965. Since the testis has a 
constant requirement for oxygen and a steady 
blood flow, the difference in P0 2 between the 
interstitial tissue and its venous effluent may 
suggest that some of the testicular blood flow 
may not pass through the capillary beds of the 
testis parenchyma, but may pass instead 
through nonmetaboiic channels and remix with 
the metabolic fraction in the major veins of the 
testis. 

The lumen of the seminiferous tubules is 



TABLE 5. Narelson mi crogaso meter measurements of blood CO a comer: across the testis of the conscious rat 
(9 sample sets from 5 rats). 



CO, content 
imJ/100 m! blood) 



Mean 

SD 



Femoral 


Testis 




Blood flow 


artery 


vein 


A 


ml/100 g/min 


38.6 


48.3 


9.7 


19.8 


5.9 


2.9 


4.9 


4.8 
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114 
57 



fcmote from the blood supply yet docs not 
appear to have a substantially lower oxygen 
jgnsion than the capillary-rich interstitial 
issues. This finding could be explained on the 
basis of the mixing of the more oxygenated rete 
u\d the epididymal fluids with the tubular 
fhtids. Mixing of rete-testis fluid with the fluid 
formed in the tubules has been suggested to 
explain the difference in ionic composition 
between free-f lowing and oil-trapped fluid ob- 
tained from the rat seminiferous tubules by 
micropuncture (Tuck et al., 1970), The tubules 
elected for tissue PO2 measurement in the 
present study were always on the surface of the 
testes and therefore at the periphery of the 
Hood supply. Deeper tubules may have differ- 
ent oxygen tensions, but they are unlikely to be 
less oxygenated in view of their superior posi- 
tion with respect to the arrangement of blood 
v-*ei£ :r. the teetic (Kcrminc, 1967). 

Rat spermatozoa apparently pass into a 
progressively more oxygenated environment as 
they move from the tubule of the testes 
through the rete, caput and cauda epididymis. 
A. positive oxygen gradient between the testis 
tnd epididymis has also been noted in rams, 
rabbits and dogs (Cross and Silver, 1962). 

The 6 to 8 min fluctuations per minute in 
interstitial tissue oxygen tensions are reminis- 
cent of fluctuation in testicular artery pressure 
uxi testicular blood flow seen in earlier studies 
(Free and Jaffe, 1973). These pressure fluctua- 
tions had a frequency of 6/min and also disap- 
peared when the testicular capsule was cut 
open, in vitro and in vivo studies with rabbit 
*nd human testicular capsules (Davis et al., 
1970) have demonstrated an intrinsic contrac- 
tility with a similar frequency. The effect of 
d>«e capsular contractions on testicular fluid 
dynamics is unclear. However, it is possible that 
^ c y lid in the transport of tubular lumen con- 
te nts since, being strong enough to affect the 
tucuiar bed, they are likely able to exert an ef- 
kct on the seminiferous tubules. The observa- 
tj °ns that blood flow remains unaffected when 

capsule is cut open (Free and Jaffe, 1972), 
to interstitial P0 2 falls to low levels, is puzzl- 

*nd may suggest that testicular tissue pres- 
***** plays a role in the distribution of blood 
' )ctWc cn metabolic and nonmetabolic vessels, 
further studies are needed to shed some light 
° n findings. 

. **ost hemodynamic parameters (Table 3) are 
^tar to those reported earlier for the con- 
cerns rat (Free and Jaffe, 1972) although mean 



blood flow was somewhat higher in the present 
study. 

Previous studies (Free, 1970) have also 
shown that the in vitro rate of oxygen uptake 
by biopsied samples of rat testis tissue falls off 
rapidly after separation of the tissue from its 
blood supply, from an initial value of 70-SO pi 
Oj/100 mg/h to 60 ^fi O,/100 mg/h after three 
hours. These results obtained with oxygen 
electrodes in air-equilibrated buffer solutions at 
33.5°C were only partly dependent on glucose 
availability, but were entirely dependent on the 
presence of spermatids and spermatocytes. 
Most in vitro studies of testis tissue respiration 
have utilized manometric techniques and yield- 
ed oxygen uptake rates that are averaged over a 
30—60 minute period. This measurement 
period is usually preceded by varying intervals 
of preparation and equilibration time, so that 
a.i.Lu»i vaiucs obtained for rate 01 oxygen 
uptake reflect the metabolic activity of the 
tissue an hour or more after separation from its 
blood supply. On the other hand, these mano- 
metric studies are usually carried out at body 
rather than scrotal temperatures so that the 
decline in respiration due to removal from the 
blood supply is compensated for, to some 
extent, by the high incubation temperature. 
The resulting in vitro respiration rates for rat 
testis tissue have varied from 90 to 98 }i9J 100 
mg testis tissue/h (see Free, 1970, for review). 
The present in vivo estimates, coupled with m 
vxtro measurements on biopsied tissue reported 
previously (Free, 1970) suggest that the rate of 
oxygen uptake by rat testis tissue is higher than 
previously supposed. 
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Polarized Structure and Function of Sertoli 
Cells in Vivo 

The structure of the Sertoli cell has been discussed in 
detail in Chapter 1 and consequently will only be men- 
tioned briefly in relation to those characteristics which are 
pertinent to polarized secretion. The Sertoli cell is mor- 
phologically columnar with the extensively arborized 
cytoplasm extending from the basement membrane to the 
lumen of the seminiferous tubule. By virtue of the tight 
junctions between adjacent Sertoli cells the seminiferous 
epithelium is compartmentalized into a basal compart- 
ment, containing spermatogonia and preleptotene sperma- 
tocytes, and an adluminal compartment containing the 
remaining meiotic and post-meiotic germ cells. It is well 
established that these Sertoli-Sertoli cell tight junctional 
complexes form a major component of the blood-testis 
barrier whereby blood-borne compounds, particularly 
antibodies, are prevented access to the germ cells within 
the adluminal compartment. In addition, a less appreciated 
function of these tight junctions is to prevent Sertoli cell 
secretory products, from passing between the adluminal 
compartment and basal compartment. Hence, the tight 
junctions maintain a polarity of Sertoli cell secretory 
products some of which are directed apically toward the 
germ cells in the adluminal compartment and/or the lumen 
of the seminiferous tubule. Other Sertoli cell secretory 
products are directed basally toward the germ cells in the 
basal compartment and/or the interstitium. Due to the 
complexity of the experimental procedures, studies of 
bidirectional secretion of Sertoli cell proteins in vivo are 
relatively few in number. Nevertheless, a few studies have 
established a polarity of Sertoli cell protein secretion from 
the seminiferous epithelium in vivo. 

By measuring the concentration of androgen binding 
protein (ABP) in the testis, epididymis and serum, 
Gunsalus et al [1] determined that ABP is secreted bidi- 
rectionally from Sertoli cells with 80% of this protein 
occurring in the lumen of the seminiferous tubule and the 
remaining 20% secreted in a basal direction into the inter- 
stitium. Subsequently, these results were corroborated by 
the micropunture studies of Turner et al. [2] which 
showed that approximately 70 c r of secreted ABP leaves 
the testis via the intratubular route. Furthermore, the 
polarity of ABP secretion from Sertoli cells in vivo 
appears to be influenced by the germ cell therein. For 
instance, the loss of germ cells in the grc mutant rat which 
exhibits arrest of spermatogenesis after formation of pri- 
mary spermatocytes [3], partial loss of germ cells in the 
H re mutant rat [4], and destruction of germ cells by X- 
irradiation [4] or busulphan treatment [5]; all reduce the 
apical secretion of ABP in the seminiferous tubule. 

Following the initial work of Skinner and Griswold [6] 
demonstrating that Sertoli cells produce transferrin. 
Sylvester and Griswold [7] found that seminiferous tubule 
fluid, rete testis fluid, and testicular lymph contained 141 
Ug/ml, 47 fig/ml. and 3.7 mg/ml of transferrin, respec- 



tively. Using an antibody specifically against Sertoli cell 
transferrin which does not cross-react with serum transfer- 
rin, Morales et al. [8] subsequent!) found that most 
Sertoli cell transferrin is secreted apically from the semi- 
niferous tubule. By incorporating 59p c int0 transferrin or 
labelling transferrin with 1251, Morales et al. [S] con- 
firmed a model for iron transport into the seminiferous 
tubule previously proposed by the same laboratory |9J. In 
this model of iron transport, serum difernc transferrin 
(holotransferrin) binds to the basal cytoplasm of the 
Sertoli cells and is endocytosed in coated pits consistent 
with a receptor-mediated pathway. Subsequently, within 
the acidic milieu of the intracellular endosomal compart- 
ment the iron dissociates from the serum transferrin and 
becomes incorporated into Sertoli cell transferrin. The 
serum apotransferrin (lacking iron) recycles out of the 
basal compartment of the seminiferous epithelium into the 
interstitium while the iron containing Sertoli cell holo- 
transferrin is secreted apically into the lumen of the tubule 
and/or bound by genu ceils in the adluminal compart- 
ment. Hence, in this manner, two forms of transferrin 
mediate vectorial transport of iron across the Sertoli cell 
from the basal compartment to the adluminal compart- 
ment where the iron is either bound by germ cells and/or 
secreted into the tubular lumen. (For more detailed discus- 
sion of transferrin see Chs. 7, 8 and 13). 

Inhibin is known to be secreted by Sertoli cells bidirec- 
tionally into the seminiferous tubule lumen and into tes- 
ticular interstitial fluid [10]. By measuring levels of 
inhibin in venous blood and interstitial fluid. Maddocks 
and Sharpe [II] concluded that inhibin is secreted pre- 
dominantly into the 1 umen of the seminiferous tubule and 
is reabsorbed from the rete testis into mediastinal venous 
blood. Subsequently, these same authors [12] determined 
that in immature (28-35 day-old) rats approximately 6() r r 
of the inhibin-alpha was secreted from the base of the 
Sertoli cells into the interstitium, whereas in adult rats 
(45-100 days-old) approximately 95 c /c of the inhibin-alpha 
was secreted into the lumen of the seminiferous tubule 
and reabsorbed from the rete testis as previouslv 
described [11]. It appears that the route of inhibin secre- 
tion in the adult rat is also modulated by germ cells. In 
this context, following methoxy acetic acid depletion of 
round spermatids from the rat testis, the apical secretion 
of immunoactive inhibin is reduced [13]. suggestine that 
germ cells stimulate the adluminal secretion of inhibin 
into the lumen of the tubules, whereupon it is reabsorbed 
from the rete testis into the venous blood. 

Comparison between Conventional Culture 
Systems and the Multichamber Culture System 

The rationale for the development of the multichamber 
culture of Sertoli cells was conceived out of the realiza- 
tion that Sertoli cells cultured on plastic do not resemble 
their in vivo counterparts. Indeed, features of Sertoli cells 
in vivo that are lacking in conventional cultures in vitro 
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pertain to the Sertoli cells 1 polarized structures and func- 
tions and their compartmentalization thereof In order to 
better mimic Sertoli cell growth in vitro, an idealized cell 
culture system should exhibit polarized cytoplasmic struc- 
tures that compartmentalize the epithelium. In addition, 
the cell culture system should exhibit polarized biological 
functions such as bidirectional endocytosis, polarized 
secretion, transcellular transport, and the capacity to 
examine cell-to-cell interactions, all of which are gener- 
ally not possible or impaired in conventional cultures on 
plastic. 

Differences in the types of endocytosis that occur at 
either the apical or basal surface of Sertoli cells appear to 
be a function of the distinctly different environments that 
surround the Sertoli cell in vivo. For instance, phagocyto- 
sis occurs mostly from the apical surface where residual 
bodies are internalized and degraded in the cytoplasm [14, 
15]. In contrast, large structures amenable to phagocytosis 
are much less prevalent along the basal domain of Sertoli 
cells, presumably due to the filtration effect of the basal 
lamina and basement membrane underlying the cells. 
Sertoli cells preferentially, but not exclusively, participate 
in fluid-phase endocytosis from their apical surface [14, 
17]. Nevertheless, it seems likely that most of the nutri- 
tional requirements of Sertoli cells are obtained through 
pinocytosis (fluid-phase endocytosis) of blood-borne 
compounds that have permeated through the extracellular 
matrix to the basal surface of the Sertoli cells. Specific 
proteins such as serum transport proteins (e.g., transferrin) 
and growth factors require a receptor-mediated process 
for their internalization and exhibit compartmentalized 
localization of such receptors along the basal domain of 
the Sertoli cell [16]. Clearly, fluid-phase and receptor- 
mediated endocytosis of substances along the basal 
domain of Sertoli cells is the major route of uptake of 
compounds for the nutritional requirements of Sertoli 
cells in vivo; however, such a route of uptake is elimi- 
nated for Sertoli cells grown on plastic where the cells are 
forced to internalize substances exclusively from the api- 
cal surface. 

Polarized secretion in vivo of Sertoli cell proteins such 
as ABP. transferrin, and inhibin has already been dis- 
cussed above. The physiological significance of the bidi- 
rectional secretion of proteins such as ABP and inhibin 
remain unclear. Indeed, such bidirectional secretion of 
Sertoli cell proteins may simply represent an imperfect 
secretory pathway whereby a small proportion of protein 
is missorted into the incorrect plasma membrane domain. 
Alternatively, since bidirectional secretion in vivo of 
Sertoli cell ABP and inhibin is influenced by germ cells, it 
appears that cell-to-cell interactions may participate in the 
regulation of polarized secretion. In this context, germ 
cell damage, resulting in a modification to the polarized 
secretion of some Sertoli cell proteins, may represent a 
feedback mechanism for the repair of testicular function. 
In any event, the bidirectional secretion of Sertoli cell 
proteins in vivo cannot be observed in Sertoli cells grown 



on plastic. This then raises the issue of whether the forced 
unidirectional secretion of Sertoli cell proteins cultured on 
plastic further modifies Sertoli cell secretion with respect 
to quantitative changes in the total secreton protein and 
qualitative changes in the composition of these proteins. 
Transcellular transport across Sertoli cells in a basal to 
apical direction has been demonstrated to occur for iron 
[7-9] in vivo, and most probably occurs for some other 
elements and compounds that are required bv germ cells. 
Conventional cultures of Sertoli cells on plastic, in the 
absence of access to the basal domain of the cells, cannot 
be used to investigate transcellular transport of com- 
pounds in either direction; culture of Sertoli cells on a 
suspended semipermeable support provides the required 
access to the base of the cells for such studies. 

Cell-to-cell interactions in vivo occur with the apical 
domain of the Sertoli cell and the germ cells that have 
completed or have been committed to meiosis in the adlu- 
minal compartment of the seminiferous epithelium. Cell- 
tn-rell interactions between Sertoli cells and ^nn cells in 
the basal compartment of the seminiferous epithelium 
(spermatogonia and preleptotene spermatocytes) as well 
as the underlying peritubular myoid cells and Leydig cells 
occur with the basal cytoplasm of the Sertoli cells. 
Clearly, the spatial arrangement of these latter interactions 
is difficult, although not impossible to establish in vitro. 
In this context, the multichamber culture of Sertoli cells 
lends itself to culture of germ cells on top of the Sertoli 
cell monolayer (Fig. IB); culture of peritubular myoid 
cells underneath the permeable support (Fig. lCj: and cul- 
ture of Leydig cells in the basal reservoir of the chamber 
further underneath the Sertoli cells and peritubular myoid 
cells (Fig. ID). In this manner the architectual and spatial 
orientation of the major cell types of the testis can be 
reconstructed in a manner that better mimics their in vivo 
relationship, as shown in Figure 1. 

The limitations of conventional culture on plastic 
whereby only one surface of the Sertoli cell is available to 
interact with its milieu, as discussed above, provide a 
strong rationale for the de\elopment of a multichamber 
system that provides access to both surfaces of the Sertoli 
cell, while at the same time maintaining the compartmen- 
talized disparate milieus that surround the apical and hasai 
surfaces of the cell. Such a multichamber culture system 
more closely mimics the architectural and spatial relation- 
ships of the major testicular cell types in vitro (Fig. 1). 
thereby allowing study of fundamental biological features 
of the Sertoli cell such as bidirectional secretion and 
endocytosis, transcellular transport, and cell-to-cell inter- 
actions, under highly controlled conditions. 

Culture and Characterization of Sertoli Cells in 
Multichamber Systems 

There are several elements that contribute to the forma- 
tion of a multichamber culture system. Firstly, there are 
the porous filters which act as a support on which the cells 
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grow and concurrently provide channels for the move- 
ment of nutrients to the basal cytoplasm and, conversely, 
allow movement of secretory products away from the 
basal cytoplasm of the cell (Fig. 1 & 2). Secondly, these 
filters can be coated with either extracts or purified com- 
ponents of extracellular matrix in order to mimic the base- 
ment membrane which underlies Sertoli cells in vivo. 
Thirdly, the Sertoli cells which are seeded on the matrix 
coated filters have been prepared from different aged rats 
by enzymatic procedures which yield different sized frag- 
ments of seminiferous epithelium for seeding in the cham- 
bers. Fourthly, the culture media within which the Sertoli 
cells are cultured varies between laboratories. Considering 
these four major elements of the filter, extracellular 
matrix, Sertoli cell preparation, and culture media that 
contribute to the formation of a muhichamber culture sys- 
tem, it is not surprising some results have varied between 
laboratories. 

The types of supports predominantly utilized for the 
multichamber culture of Sertoli cells have included nitro- 
and acetylo-cellulose filters from Millipore Corporation 
(Fig. 2) and polycarbonate filters from Nucleopore 



Corporation. The first two reports to concurrent]} 
describe the muhichamber culture system for Sertoli cells 
used cellulose filters of 1.2 |im pore size [18] and 
0.45 |im pore size [19] from Millipore corporation. Man\ 
research laboratories have continued to utilize the cellu- 
lose filters [20-25, 31, 32. 36, 50], whereas other* have 
changed to the polycarbonate filters [26-2N. 51 [. Some 
debate in the literature has centered around the binding of 
proteins to the various types of filters. Hadley ct a!. [2] ] 
found that the non-specific association of proteins such as 
transferrin and ABP to the Matrigel coated cellulose filter 
saturated after 8 hours and does not increase any further 
as a function of protein concentration. Moreov er, presatu- 
ration of Matrigel coated cellulose filters with Sertoli cell 
conditioned media was found to prevent substantial bind- 
ing of 35 S-methionine labeled Sertoli cell secretory pro- 
tein subsequently added to the same support [29). Since 
several days of culture elapse between the initial seeding 
of the Sertoli cells in the chambers and their subsequent 
use, presaturaticr. of the Maiiigei coated filters occurs 
with Sertoli cell secretory protein during the period of 
culture prior to experimentation. Janecki and Steinberger 
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Figure 2. A photomicro- 
graph of mulnchamber insert- 
(Millicell-HA: Milhpore Corp.. 
of two sizes next to the appro- 
priate sized niultiueli plate- 
used for culture of Sertoli cells 
Small (left) and large i rights 
mulnchamber insert of 12 mm 
and 30 mm diameter, respec- 
tively, are shown. 



[26] found that greater than 80% of ABP and transferrin 
bound to Matrigel-coated cellulose filters was reduced to 
less than 10% binding when the support had been presatu- 
rated with 5% BSA. Binding of ABP and transferrin to 
polycarbonate filters was reported to be less than 4% of 
total activity [26]. Curiously, Handelsman et al [24] 
found that inhibin could pass readily across the cellulose 
filters, whereas Janecki et al [27] found that it was bound 
by the same type of filter. Clearly, some binding of pro- 
tein occurs to the filters; however, the amount of binding 
is influenced by the degree of pre-saturation of the sup- 
port and the chemical composition of the filter. Moreover, 
binding of proteins such as growth factors to extracellular 
matrix components of the basement membrane has been 
shown to occur in vivo, and is thought to function as a 
physiological reserve of specific proteins such as fibrob- 
last growth factor [38]. However, within the multicham- 
bers the degree of protein binding to extracellular matrix 
components required to mimic the physiological condition 
remains to be determined. In any event, for the multi- 
chambers there is a reasonable consensus among laborato- 
ries that larger proteins such as ABP [21. 26] and 
transferrin [21, 24, 26] and small compounds such as 
inulin [24. 31] equilibrate across the cellulose filters 
coated with or without Matrigel within approximately 
12 hours. Studies of equilibration times across polycar- 
bonate filters remain to be reported. Hence, for surety of 
protein equilibration and convenience of experimentation 
many studies of polarized secretion using filter supports 
have been carried out over a 24 hour period, or greater. 

Since the work of Hadley et al [30] demonstrating the 
effect of a reconstituted basement membrane extract 
(Matrigel) from the EHS mouse tumor cell line on mainte- 
nance of Sertoli cell differentiation and secretory func- 
tion, most laboratories growing Sertoli cells in 
multichambers have utilized Matrigel as a coat of extra- 
cellular matrix for filter supports. Muffly and Hall [32] 
utilized a fibronectin/collagen IV coat for filter supports. 
The concentration of Matrigel used to coat the filter sup- 
ports has varied between laboratories. Matrigel has been 



applied undiluted [18, 21, 36] at approximate! v 10 mg/ml 
and at dilutions of 1:1 [24 761, 1 •? [?0. 22. 36], 1:5 [23], 
1:6 [27], and 1:8 [28]. The most recent studies have uti- 
lized the more dilute Matrigel, providing some consensus 
that a dilution of 1:5 to 1:8 is sufficient to coat filters for 
attachment of Sertoli cells and at the same time providing 
economical use of reconstituted basement membrane. 

Virtually all of the studies of directional secretion in 
multichambers have been from Sertoli cells derived from 
the rat, with the exception of one study [25] with baboon 
iPapio hamadryas) Sertoli cells. The age of the rats from 
which the Sertoli cells are derived for seeding in the 
chambers has varied from 10 days [18. 20. 21 ] through 25 
days [32]. The Sertoli cells from the 10 day-old rats are 
relatively difficult to dissociate into small fragments [IS. 
20] and are less well differentiated, whereas the Sertoli 
cells from the 25 day-old rats are contaminated with a 
greater number of germ cells. Hence, most investigators 
have utilized Sertoli cells from rats of 17-22 days of age 
[19, 21, 23-29, 31, 33-36] which are readily isolated from 
the seminiferous epithelium, relatively easy to culture and 
contain a small proportion of germ cell contaminants. 
Following several sequential enzymatic digestions to 
remove peritubular myoid cell contaminants, tubule frag- 
ments ranging in size from approximate!) 100 cells [22] 
through 10-50 cell aggregates [20. 21. 23. 29]. to small 
aggregates of fewer than 10 cells [23. 28. 3 7 . 51] have 
been seeded in chambers. A schematic representation of a 
more recent procedure is shown in Figure 3. The only 
studv to examine the size of the cell aggregates in relation 
to the characteristics of the Sertoli cell epithelial sheet in 
the multichambers was carried out by Onoda et al [23]. 
This study found that small aggregates of up to 10 Sertoli 
cells seeded in the chambers produced a more even 
epithelial sheet of Sertoli cells which could maintain a 
hydrodynamic permeability barrier. The larger cell aggre- 
gates did not spread evenly, with multilayers of Sertoli 
cells on some parts of the filter surface. Poor contact 
between cell aggregates on other parts of the filter 
resulted in some leaky chambers. 
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Plating cell density is also an important consideration 
in obtaining confluent epithelial sheets of Sertoli cells. 
Since Sertoli cells derived from approximately 20 day-old 
rats do not divide to any significant degree, the cells are 
plated at high density to achieve confluence. In addition, 
high plating cell density prevents cell spreading by tight 
packing of the cells, thereby maintaining polarized mor- 
phology. Excessively high plating cell densities result in 
multilayers of Sertoli cells. Hence, the appropriate plating 
cell density which balances the requirements of high den- 



sity for confluence and polarized morphology against a 
plating density which produces an approximate monolayer 
(more appropriately termed confluent epithelial sheet) 
needs to be established for each muluchumber system. 
The only study to examine the effects of cell density on 
optimal formation of a confluent epithelial sheet corre- 
lated with formation of a hydrodynamic permeabilty bar- 
rier was carried out by Onoda el at. [23]. In this study five 
densities of Sertoli cells ranging from 1.6-5.6 x 10 6 
cells/cm 2 were examined (Fig. 4). Onoda ci al. [23] found 
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Figure 3. A schematic representation of the isolation and culture of Sertoli cells m multichambers as modified from the procedure of 
Onoda ex al. [23] and Onoda and Djakiew [39. 40]. Decapsulated testes (Step l i are enzymatically digested to remove interstitial tissue (step 
2). and further digested to remove peritubular myoid cells (Step 3>. This procedure is repeated to fragment the seminiferous tubules (step 
3"). which are subsequently treated with an additional enzymatic digestion (Step 4) to produce small aggregates of approximate!} ten cells 
or less, which are plated on Matrigel impregnated supports in multichambers (Step 5). After three davs in culture the Sertoli cells and 
remaining germ cells are treated with a hypotonic buffer (Step 6) which lyses the germ cells, leaving a confluent, epithelial sheet of Sertoli 
cells in monoculture. 
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that cell densities of 3.8 - 5.6 x 10 6 cells/cm 2 produced 
polarized confluent epithelial sheets of Sertoli cells which 
also formed hydrodynamic permeability barriers. Sertoli 
cell densities within this range have been reported for sev- 
eral other studies [18, 20, 21, 24, 25, 50]. At such high 
cell densities inulin passage was relatively slow (Fig 5A), 
electrical resistance was high {Fig. 5B), the polarity of 
transferrin secretion was in a predominantly apical direc- 
tion with the ratio (apical/basal) of secretion greater than 
1 (Fig. 6), all of which were associated with formation of 
a hydrodynamic permeability barrier (Fig. 7). Indeed, for- 
mation of a hydrodynamic permeability barrier, as indi- 
cated by the maintenance of uneven fluid levels in the 



1,6 x 10 6 c«iis/cm 2 




5.6 x 10° cells/cm 




Figure 4. Density dependent polarized morphology of Sertoli 
cells seeded on Matngel coated permeable supports (filters) in mul- 
tichambers. x520. (Modified from Onada et al. <1989)[23] repro- 
duced with permission from the Publisher, the Endocrine Society.) 



apical and basal reservoirs of the chambers (Fig. 7i. has 
proven to be a convenient and easy method for assessment 
of the epithelial sheet of Sertoli cells in the chambers. In 
this context, at cell densities of 3.1 x lO^/crrr and below, 
the hydrodynamic permeability barrier formed with vari- 
able consistency and the polarity of transferrin secretion 
was inverted in a predominantly basal direction (Fig. 6i. 
Taking into consideration the characteristics of the Sertoli 
cell epithelial sheets reported above [23] it is not surpris- 
ing that the polarity of Sertoli cell secreton proteins has 
inverted in a predominantly basal direction in those stud- 
ies which have utilized Sertoli cell densities below 3.1 x 
10 6 /cm 2 [27, 28, 31, 33-35, 37, 51]. 

Various serum free defined media formulations [ 1 8. 19. 
32, 36, 50] as well as serum based media [31. 37] have 
been used to culture the Sertoli cell epithelial sheets. The 
rationale for a serum-free defined media is that all con- 
stituents are known and generally have been shown to 
influence Sertoli cell function. In this context, serum 
vanes with each lot and it not properly screened and/or 
treated may contain cytotoxic components. The most 
complex serum-free defined media containing 14 supple- 
ments was developed by Hadley et al. [30] and contains 
among other components, a number of transport proteins, 
growth factors, vitamins, hormones, and metabolic sub- 
strates. Several defined media formulations from various 
laboratories [19, 27, 36, 37] contain many of the same 
components as that of Hadley et al. [30] which and are 
widely used for culturing Sertoli cells [ 1 8. 20, 23, 24], 

Directional Secretion from Sertoli Cells 
Cultured in Multichamber Systems 

Intuitively, it seems reasonable that Sertoli cell pro- 
teins which primarily interact with meiotic and post-mei- 
otic germ cells will be secreted apicallv, whereas other 
Sertoli cell proteins may be secreted basally. Some of the 
compounds that have been shown to be transported- 
/secreted in a directional manner from Sertoli cells grown 
in multichambers can be conveniently grouped by their 
nature and function. The first of the compounds include 
elements such as Rb + [32, 35] and Fe :+ [20] which have 
been shown to be vectoriallv transported across Sertoli 
cells within the multichambers. The second group of com- 
pounds are Sertoli cell transport proteins such as ABP 
[21], transferrin [21, 36] and ceruloplasmin [3s), 40] 
which are homologous to serum transport proteins, and 
are thought to mediate directional transport of testos- 
terone, Fe- + . and Cu- + , respectively. The third group of 
proteins are proteases [33, 34] which may play a role in 
remodeling of the seminiferous epithelium. The fourth 
group of proteins are the endocrine/paraenne factors, such 
as inhibin [24. 25] and the Leydig cell steroidogenic stim- 
ulatory factor [41]. The last group of remaining proteins 
are not readily categorized and include sulfated glycopro- 
tein- 1 (SGP-l)[29/36. 40], SGP-2/clusterin [29, '36. 39. 
40]. testins [39]. and SP1 [36]. 
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Elements 

Rb + , which is thought to act as an analog of K + [32], 
has been used to mimic K + transcellular transport across 
Sertoli cells. The studies of Muffly and Hall [32] showed 
that the apical efflux of Rb + was not inhibited by azide 
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Figure 5. The rate of inuhn transport across multichambers in 
the absence of cells (filter alone) and across confluent epithelial 
sheets of Sertoli cells at densities of l .9 - 5.6 x l 0 6 cells/cm 2 (A). 
Sertoli cell density was proportional to electrical resistance and 
inversely proportional to mulin transport (B). 

Figure 6. Sertoli cell density-dependent polarized secretion of 
transferrin. At each Sertoli cell density is shown the magnitude of 
transferrin secretion into the apical (open column) and basal (stip- 
pled column i reservoirs of the multichambers. and the polarity of 
transferrin secretion indicated numerical!) for each cell density 
i Figures 5 and 6 modified from Onada ci a!, i lQ90i[2?] and repro- 
duced with permission from the Publisher.) 



and occurred at the same rate with or without in the 
medium. In contrast, the basal efflux of Rb" occurred bv a 
process requiring energy and external K~. and was inhib- 
ited by vanadate. Based on these observ ations, the model 
developed for the transcellular transport of k~ envisages a 
basolaterally located ATPase which pumps interstitial K* 
into the Sertoli cell cytoplasm. Subsequent]), the cyto- 
plasmic K+ passes across the apical plasma membrane via 
a K + channel to the extracellular milieu [32J. This process 
of Rb + /K + transcellular transport was stimulated b\ 
forskolin, (BubcAMP [32, 35] and FSH. suL T <iestinn a 
potential role of the cytoskeleton [32] amongst others, in 
vectorial transport. 

Transferrin mediated transcellular transport of Fe : * 



A Hydrodynamically Impermeable Layer 
II n 



n 




Matrigel Basal Medium Filter 



B Hydrodynamically Permeable Layer 




Figure Schematic representation of Sertoli cell epithelial 
sheets in the multichambers which are able to maintain disparate 
fluid levels between the apical and basal reservoirs hvdrod\- 
namically impermeable) or are hydrodynamicalK permeable iB> 
allowing fluid levels to equilibrate. (Modified from Onada a al. 
( 1990)[23] and reproduced with permission from the Publisher.) 
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across confluent epithelial sheets of Sertoli cells grown in 
multichambers was demonstrated by Djakiew el ai [20]. 
Following addition of human serum 59 Fe- transferrin to 
media bathing the basal cytoplasm of Sertoli cells, rat tes- 
ticular 59 Fe-transfernn was immunoprecipitated from the 
apically located media overlaying the Sertoli cells. Cross 
reactivity of the anti-rat transferrin antibody with human 
transferrin was negligible. This transcellular transport of 
Fe 2+ required Sertoli cell viability; the process could be 
displaced with excess transferrin, and was temperature 
dependent [20]. In addition, the 59 Fe that had been vec- 
torially transported by transferrin across the Sertoli cell 
epithelial sheets was found to be associated with purified 
round spermatids and pachytene spermatocytes co-cul- 
tured on the apical surface of the Sertoli cells [42]. These 
results are in accord with the model of Huggenvick et ai 
[9] in which serum holotransferrin is sequestered by a 
receptor-mediated process into the basal cytoplasm of 
Sertoli cells, whereupon the Fe 2+ dissociates from the 
transferrin carrier protein in the acidified environment of 
endocytic organelles and is incorporated into de novo syn- 
thesized Sertoli cell transferrin. The serum apotransferrin 
recycles out of the basal cytoplasm, whereas the Sertoli 
cell holotransferrin is secreted from the adluminal com- 
partment of the Sertoli cell and bound by receptors on 
germ cells or secreted into the lumen of the seminiferous 
tubule (Fig. 8). This pathway for the transferrin-mediated 
vectorial transport of Fe 2+ across Sertoli cells has been 
examined and confirmed in vivo [8] and in organ culture 
(43, 44]. See also Chapters 7, 8 and 13. 

Transport Proteins 

The polarized secretion of transferrin in multichambers 
has been extensively studied by several laboratories. 
Three independent research groups have reported a pre- 
dominantly apically directed polarity of transferrin secre- 
tion [21, 23, 24, 36, 50]. As shown in Figure 6, the 
polarity of transferrin secretion increases as a function of 
plating cell density [23]. At cell densities below 3.1 x 10 6 
cells/cm 2 the polarity of transferrin, secretion occurs in a 
predominantly basal direction, whereas at cell densities 
above 3.1 x 10 6 cells/cm 2 the polarity of transferrin secre- 
tion occurs in a predominantly apical direction. Indeed, all 
the studies reporting a predominantly apically directed 
polaritv of transferrin secretion were conducted at cell 
densities above 3.1 x 10 6 cells/cm 2 [21. 23, 24, 36, 50]. 
Conversely, all the studies reporting a predominantly 
basallv directed polarity of transferrin secretion were per- 
formed at cell densities below 3.1 x 10 6 cells/cm 2 [19, 26. 
3 1. 33, 37] and at least some of these cultures were 
reported to have attained hydrodynamic equilibrium [37]. 
In any event, there is a consensus that testosterone does 
not influence the polarity of transferrin secretion [21. 37, 
50]. In contrast. FSH, EOF. IGF-I and IGF-II have been 
shown to reduce vectorial transferrin secretion [50], 
although, in all cases the polarity of transferrin secretion 
remained in a predominantly apical direction [50]. 



Considering the very high concentrations of liver derived 
transferrin which occurs in the serum (3.7 mg/ml) and tes- 
ticular lymph (3.7 mg/ml ) of the rat [ 7 |. it is perplexing to 
envisage a role for Sertoli cell transferrin secreted pre- 
dominantly into the interstitium in addition to that of the 
liver derived transferrin that occurs there in such high 
concentration. Conversely, considering the isolation of 
germ cells within the adluminal compartment of the semi- 
niferous epithelium by the Sertoli cell tight junctional 
complexes, an apically polarized secretion of Sertoli cell 
transferrin is considered to function in the deliver} of 
Fe 2+ to the meiotic and post-meiotic germ cells, as has 
been demonstrated in the multichambers [20. 42], in organ 
culture of seminiferous tubules [43, 44]. and in vivo [7.8]. 

Studies of ABP secretion from Sertoli cells in the mul- 
tichambers are in general agreement that the polarity of 
secretion is predominantly in an apical direction [21. 26. 
37]. Hadley et ai [21] found the apical/basal polarity of 
ABP secretion to be 4/1 in the presence of testosterone, 
but this polarity declined to less than 2/1 in tlie absence of 
testosterone (Fig. 9). Janecki and Steinberger [26] found 
the apically-directed polarity of ABP secretion changed 




Basal Surface 



Figure 8. Schematic representation of the transeyioMs of iron 
(Fei across Sertoli cells in the seminiferous epithelium. Systemic 
holotransfemn (Fe-sTF) binds to its receptor iTF-Ri and is internal- 
ized. Upon dissociation of iron the apotransferrin wipo-sTFi recy- 
cles to the interstitium. Dv muo sunthesised Sertoli cell i testicular » 
apotransferrin (apo-tTFi incorporates the iron (Fe-tTFt which is 
transported to adjacent primary spermatocytes (SO and spermatids 
(ST) or secreted from the luminal surface of the Sertoli cell. 
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with the type of culture media, and that this polarity 
increased with addition of testosterone [37]. Hence, there 
is a consensus that vectorial ABP secretion occurs in a 
predominantly apical direction and that testosterone 
increases the polarity of secretion from Sertoli cells. 

Studies of ceruloplasmin secretion from Sertoli cells in 
the mukichambers were carried out by Onoda and 
Djakiew [39, 40]. A retrospective review of the original 
immunoprecipitation data indicates that ceruloplasmin is 
secreted in a predominantly apical direction with an api- 
cal/basal secretion ratio of 5.6/1 [39]. 

Proteases 

Polarized secretion of the Sertoli cell protease, plas- 
minogen activator, has been examined using the multi- 
chambers [33-35]. Ailenberg and Fritz [33] reported that 
plasminogen activator secretion occurred in a predomi- 
nantly basal direction with a polarity of 1/10, and that 
whereas testosterone did not influence the polarity of 
plasminogen activator secretion [341, FSH further reHnced 
this polarity to 1/20 [33]. In a subsequent study elevated 
plasminogen activator levels, elicited by FSH or 
(Bu^cAMP, were associated with a decreased integrity of 
the permeability barrier [35]. This led to the hypothesis 
that FSH mediates cAMP associated rearrangements of 
the cytoskeleton which in conjunction with plasminogen 
activators modify the integrity of the Sertoli cell junc- 
tional complexes [35] during remodeling of the seminifer- 
ous epithelium. 
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Figure 9. Polarm i apical/basal; A/B> of androgen binding pro- 
tein tABPt secretion from Sertoli cells cultured in the multicham- 
bers in the presence i closed circles ) or absence (open circles i of 
testosterone over a period of 48 hours. (Modified from Hadlcv ci a!. 
i 1 9S" 1 )[ 2 1 ] reproduced uith permission from the Endocrine 
Societ\ . ) 



Endocrine/Paracrine Factors 

Polarized secretion by Sertoli cells of the endocrine 
factor, inhibin, has been studied in the mukichambers h\ 
several investigators [24, 25. 27, 28, 51]. Handelsman a 
ai [24] reported that rat inhibin is secreted from Sertoli 
cells with an apical/basal polarity of 4/1. and that this 
polarity increases to approximately 16/1 upon FSH stimu- 
lation. In a comparable study with baboon Sertoli cells. 
Handelsman et ai [25] found the apical/basal polarity of 
inhibin secretion to be 15/1, which increased to 41/1 w ith 
FSH stimulation. They found that inhibin equilibrated 
across the Matrigel-coated filter in the presence or 
absence of a Sertoli cell epithelial sheet within approxi- 
mately 8 hours and could not attribute the predominantly 
apical polarity of secretion to entrapment and/or binding 
within the filter [24]. Using similar cellulose culture sup- 
ports, Janecki et a!. [27] also found a predominantly api- 
cal polarity of inhibin distribution within the 
mukichambers; however, they attributed this result to 
binding of the inhibin to the Matrigel coated filter sup- 
port. On polycarbonate filters the polarity of inhibin 
secretion was reported to be 2/3 predominantly in a basal 
direction [27, 28, 51], which is similar to the ratio of 
inhibin secretion calculated by indirect methods for 
immature rats in vivo [12]. In any event, both groups [24, 
25, 27] agree that in vivo the polarity of inhibin secretion 
in adult rats is predominantly apically directed, as has 
been reported from direct [45] and indirect [ 12] studies. 

The only study to examine the polarity of secretion 
from Sertoli cells in the mukichambers of the paracrine 
factor, which stimulates Leydig cell steroidogenesis, was 
carried out by Onoda et al. [41]. They found this 
paracrine factor to be secreted from Sertoli cells with a 
polarity of 1/3 in a predominantly basal direction (Fig. 
10). Since leaky chambers could potentially account for a 
predominantly basal polarity of secretion, these authors 
were careful to carry out their studies under conditions in 
which the Sertoli cells had attained and maintained a 
hydrodynamic permeability barrier, as indicated by the 
ability of these cultures to maintain higher fluid levels in 
the apical chamber relative to the basal chamber [Fie. 7]. 
Indeed, this predominantly basal polarity of secretion of 
the paracrine factor, which stimulates Leydig cell 
steroidogenesis (Fig. 10), serves as a control for the pre- 
dominantly apical secretion of the majontv of Sertoli cell 
proteins that they have investigated [21, 23. 29, 39. 40). 

Other Sertoli Cell Proteins 

The polarized secretion of SGP-1 from multichambers 
has been examined by a number of laboratories [29. 3b. 
401. Djakiew and Dym [29] examined the polarity of ; -\S- 
methiomne labeled total protein secretion from Sertoli 
cells and found that a protein which migrates with similar 
electrophoretic mobility to SGP-1 occurs predominant!} 
in the apically secreted proteins. In a subsequent studv. 
the identity of SGP-1 was confirmed by immunoprecipita- 
tion from the protein secreted apically from Sertoli cells 
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grown in the multichambers [40J. In a comparable study 
Ueda et al. [36] found that SGP-1, designated S70 by 
these authors, was secreted with a polarity of approxi- 
mately 5/2 predominantly in an apical direction. These 
authors suggested that since they had previously identified 
SGP-1 associated with spermiogenesis [46], the apical 
secretion of this protein may represent utilization by the 
adluminally located spermatids in the seminiferous tubule. 

The SGP-2 protein, also known as clusterin, has been 
shown to be secreted in a predominantly apical direction 
from Sertoli cells in the multichambers [29, 36, 39, 40]. 
Ueda et al. [36] found that virtually all of the SGP-2 pro- 
tein, designated S45-S35 by these authors, was secreted 
from the apical surface of the Sertoli cells. Djakiew and 
Dym [29] found that whereas most of this protein was 
secreted in an apical direction, a small proportion of the 
secreted protein was detected in the basal reservoir. 



Curiously, the SGP-2, which was secreted from the basal 
cytoplasm of the Sertoli cells, mostly consisted of the 
incompletely processed form of the SPG-2 precursor pro- 
tein [29]; and hence, the basally directed secretion of the 
precursor protein may have resulted from its missorting in 
the secretory pathway. Based on a retrospective review of 
the data of Onoda and Djakiew [39, 40). in which the\ 
studied SGP-2 secretion from Sertoli cells in the multi- 
chambers, it appears the polarity of secretion of this pro- 
tein is approximately 1.5, predominantly in an apical 
direction. 

Two other proteins, SP1 [36] and testins [39]. are also 
secreted bidirectionally from Sertoli cells grown in the 
multichambers. Interestingly, a review of the original data 
of the polarized secretion of testins [39) and the results of 
Ueda et al. [36] on bidirectional SP1 secretion from 
Sertoli cells indicate that both of these proteins are 
secreted in a non-polarized manner with approximately 
equal amounts of protein occurring in the apical and h:i^.j 
reservoirs of the chambers. 




Figure 10. The synthesis and secretion of testosterone from 3- 
'. -hydroxysteroid dehydrogenase (3B-HSD) positive Leydig cells in 
response to Sertoli cell conditioned media collected from the apical 
or basal reservoirs of multichambers in the absence icont.i or pres- 
ence of pachytene spermatocyte protein (PSPi and round spermatid 
protein <RSP) added to the apical reservoir. PSP inhibited the 
basalh directed secretion from Sertoli cells of the factor which 
stimulates Levdig cell stenodogenesis. (Modified from Hadley ct 
al. 11987(121] reproduced with permission from the Endocrine 
Society. ) 



Cell-to-Cell Interactions 
in Multichamber Systems 

Sertoli cells in vivo interact with other cell types within 
the testis by direct cell contacts and through paracrine 
mechanisms mediated by their secretory proteins. The 
major cell types with which Sertoli cells interact within 
the testis include the meiotic and post-meiotic germ cells 
residing in the adluminal compartment of the seminifer- 
ous epithelium, spermatogonia in the basal compartment 
of the seminiferous epithelium, myoid cells which lie 
beneath the Sertoli cells, and the Leydig cells which occur 
in the interstitial space between seminiferous tubules. 
Some of these interactions that have been examined in the 
multichambers include the influence of germ cells on 
Sertoli cells, of germ cells indirectly through Sertoli cells 
on Leydig cells, and of peritubular myoid cells on Sertoli 
cells. 

Influence of Germ Cells on Vectorial Sertoli Cell 
Secretions 

The influence of round spermatid proteins (RSPt and 
pachytene spermatocyte proteins (PSP) on the total Sertoli 
cell protein secreted bidirectionally from the multicham- 
bers (Table 1 ) has been examined by Onoda and Djakiew 
[39, 40]. They found that the total Sertoli cell secretory 
protein was stimulated by RSP 133 r r above control lev- 
els, and by PSP 119 r r above control levels [40]. 
Interestingly. Sertoli cell secretion was only stimulated by 
PSP when added to the apical reservoir, but not when 
added to the basal reservoir [40]. This indicated that the 
receptor/binding sites for the stimulatory pachytene sper- 
matocyte protein(s) may occur specifically on the apico- 
lateral plasma membrane of the Sertoli cells. Moreover, 
the influence of these germ cell proteins was additive with 
FSH in stimulating Sertoli cell protein secretion (Table 1 ). 
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Whereas FSH did not influence the polarity of Sertoli cell 
protein secretions, PSP partially increased the polarity of 
secretion [40], although not significantly, and RSP more 
than doubled the polarity of secretion (Table 1). Hence, 
not only did the germ cell proteins more than double the 
amount of secreted Sertoli cell protein, but more of the 
secreted Sertoli cell protein was redirected in an apical 
direction wherein the germ cells would reside in vivo. 
Within this pool of total Sertoli cell secretory protein, spe- 
cific proteins such as transferrin [39, 40, 47], SGP-1 [40], 
SGP-2 [39, 40], ceruloplasmin [39, 40], testins [39] and 
ABP [47] were secreted in a more apically polarized man- 
ner in response to germ cells. Clearly, germ cell modula- 
tion of the overall magnitude and polarity of Sertoli cell 
secretion is consistent with a paracrine interactive modu- 
lation of spermatogenesis. 

Pachytene spermatocytes, but not round spermatids 
(Fig. 10), modulate the secretion of the Sertoli cell 
paracrine protein which stimulates Leydig cell steroidoge- 
nesis [41]. This paracrine protein is ^ccieLeu from Sertoli 
cells with a polarity of 1/3 predominantly in a basal direc- 
tion (Fig. 10). However, in the presence of pachytene 
spermatocyte protein (PSP) the basally directed secretion 
is inhibited, whereas the apically directed secretion is 
largely unaffected, the result of which is that the polarity 
of secretion is inverted to 6/5 slightly in an apical direc- 
tion (Fig. 10). Hence, the pachytene spermatocytes, indi- 
rectly through modulation of the magnitude and polarity 
of the Sertoli cell paracrine factor, regulate Leydig cell 
steroidogenesis. The indirect pachytene spermatocyte reg- 
ulation of steroidogenesis could serve as a mechanism for 
reinitiation of spermatogenesis following damage to germ 
cells. In this context, loss of pachytene spermatocytes 
would relieve the inhibition of the basally secreted 
paracrine factor, which in turn would stimulate steroido- 
genesis. Enhanced testosterone production could then 
reinitiate spermatogenesis either directly through sper- 



matogonia! proliferation, and/or indirectly through pro- 
duction of testosterone dependent Sertoli cell proteins 
which interact with germ cells [48, 49]. 

Influence of Peritubular Myoid Cells on Vectorial 
Sertoli Cell Secretions 

A number of investigators have studied polarized 
Sertoli cell protein secretions in peritubular myoid cell- 
Sertoli cell cocultures [31, 33, 35, 36]. In these cocultures 
the Sertoli cells and peritubular myoid cells were grown 
on opposite sides of the support, thereby ensuring that the 
interaction was of a paracrine nature mediated b\ dif- 
fusible substances, rather than by cell-to-cell contacts. 
Ueda et al. [36] found that in Sertoli cell monoculture the 
polarity (apical/basal) of secretion of transferrin (3.4/1 j, 
SGP-1 (2.5/1) and SP1 (1.1/1) declined in coculture with 
peritubular myoid cells to a polarity of 2.9/1, 2.4/1 and 
0.4/1, respectively. Since the peritubular myoid cells may 
have endocytosed some of the basallv directed Sertoli eel] 
protein, the decline in polarity may be an underestimate. 
Conversely, the effect of peritubular myoid cell coculture 
with Sertoli cells was to increase the polarity 
(apical/basal) of plasminogen activator secretion from 
0.12/1 in Sertoli cell monoculture to 0.36/1 when cocul- 
tured with peritubular myoid cells [33]. This apparent 
change in the polarity of secretion needs to be tempered 
with the possibility that some of the basallv directed plas- 
minogen activator may have been endocytosed by the per- 
itubular myoid cells, effectively removing it from the 
basal reservoir, thus resulting in an apparent increase in 
the polarity of secretion. Clearly, the use of conditioned 
media from peritubular myoid cells with the Sertoli cells 
would circumvent endocytosis of Sertoli cell secretorv 
proteins, although the use of viable Sertoli cells and 
myoid cells in co-culture does have the advantage of 
allowing dynamic interactions that may not occur with 
conditioned media. 



Table 1 

Effect of FSH and/or RSP on Sertoli Cell Protein Secretion 



Culture condition 


Total Sertoli 


Secretion ratio" 




cell protein 3 


(apical/basal) 




( <7c of control) 


Control 


100 ± 14 


3.42 - 0.54 


Control + FSH 


154 i 9 h * 


4.04 r 0.50 


Control + RSP 


233 ± 20 b * 


S.48 r {).Q7 b>: 


Control + FSH + RSP 


282 ± 30 b ** 


?J0 r 0.47^ 



KSH ( 100 ng/mh was added to both apical and basal chambers, whereas RSP (0,5 ml at 100 ug/ml i was added to the apical ri>er 
multichambers. 

Mean * S.E. radioactiwu (CPMi of control cultures was 140.800 ±18. "00 in=3i. 

^The values represent mean r S.E. obtained from 3 independent experiments Each experiment contained 2 cultures per replicate 
"significant difference between control and others. /><(). 01. *; p<0.05 
i Reproductive with permission from the Publisher [39]. i 
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Conclusions 
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The culture of Sertoli cells in multichambers enables 
growth of polarized Sertoli cells in vitro that exhibit bidi- 
rectional endocytosis, transcellular transport, polarized 
secretion and cell-to-cell interactions that mimic in many 
respects the same properties of Sertoli cells in vivo (Table 
2). The advantage of the multichamber culture system is 
that the culture conditions are well defined so that particu- 
lar functions of Sertoli cells and cellular interactions can 
be examined under highly controlled conditions without 
the confounding effects of unknown constituents in serum 
and/or interstitial fluid, and without the confounding 
effects of the other cell types that may not be under imme- 
diate consideration. Polarized secretion is consistent with 
a more efficient production and release of Sertoli cell pro- 
teins from specific cellular domains. This directional 
secretion within the compartmentalized testis ensures 
appropriate paracrine interactions between cell types. 
Snmp of the many direct interactions between germ cells, 
Sertoli cells, peritubular myoid cells, and Leydig cells 
gleaned from in vivo studies have now been demonstrated 
using multichamber culture systems. However, it is also 
apparent that many of these interactions are indirect and 
involve more than two cell types. The next challenge will 
be to concurrently reconstitute within multichambers all 
the major cellular elements of the testis (Fig. ID) in order 
to examine their complex interactions in a manner that 
may more closely mimic the process of spermatogenesis 
as occurs in vivo. 



Table 2 

Use of the Multichamber Culture System to 
Examine the Cell Biology of Sertoli Cells 



Function 



References 



Receptor mediated 
bidirectional endocytosis 

Polarized secretion 



Transcellular transport 
Cell-to-cell interaction 



[23. 24. 25. 26. 27. 28. 33. 
34. 35. 36. 37, 47, 50. 51] 

[20. 32, 42] 

[29. 31, 39, 40.41] 
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